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The unusually rapid rate of molecular weight growth in high temperature pyrolysis and 
oxidation of hydrocarbons has presented a substantial challenge to kineticists. 
Although there has been progress recently in characterization of the rapid rate of 
growth, attempts to accurately model the process have been only partially successful. 
For example, the extensive study of Frenklach et all required rate constants for radical 
addition reactions which are several orders of magnitude larger than usually observed 
for these types of reactions. 

There appear to be three possible pathways to rapid molecular growth: 
(1 ) Diels-Alder cycloadditions reactions 
(2) Ion-molecule reactions with their very large rate constants 
(3) Radical addition to unsaturates 

A major difficulty with (1) is that the equilibrium constants for this type of reaction 
suggest that the cyclic product would tend to dissociate to the linear fragments at high 
temperatures where the fast growth is observed. Ionic mechanisms are suspect since 
rapid growth is observed under pyrolytic conditions where the ion concentration would 
be expected to be extremely low. By default, then, our attention (like Frenklach et al) 
have focussed upon radical addition reactions. Previously, we demonstrated2 that 
new reaction channels could open up at higher temperatures in chemically-activated 
reactions like those involving radical addition to unsaturates. 

The methane pyrolysis data of Back and Back3 provided an opportunity to see if 
properly accounting for chemical activation might explain the observed sharp increase 
in rate of reaction at very low extents of conversion at temperatures near 1000K. It was 
possible to explain the observed acceleration4 and to demonstrate that a critical 
feature of the mechanism was the very rapid production of cyclopentadiene via 
chemically-activated pathways. These chemically-activated adducts have enough 
internal energy to react unimolecularly before collisional stabilization can occur; this 
significantly increases the overall rate of production of heavier species because no 
time is required for collisional deactivation and subsequent activation to get to the 
same products. 

This analysis also led to some useful generalizations about features of potential 
energy surfaces which can lead to rapid growth. Specifically, it was found that allyl 
addition to acetylene was critical, while the analogous addition to ethylene was not 
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important, even though ethylene was present in much larger concentrations. Fig. 1 
compares the potential surfaces for these two reactions. Note the differences in the 
energetics. First the well for acetylene addition is deeper by 8 kcal/mole. Furthermore, 
the difference in energy between the linear and cyclic intermediates is greater in the 
acetylene case by about 9 kcallmole. Much of this difference can be attributed the the 
relatively high energy vinyllic radical (C=CCC=C-). Even with respect to final products, 
the acetylene is overall exothermic while ethylene is endothermic. Each of these 
differences contribute to the enhancement for the acetylene reaction. The shallower 
well for ethylene addition will contribute to more stabilization since the barrier to 
cyclization is comparable to the entrance channel, while for acetylene the cyclization 
barrier is 11 kcal/mole lower. Similarly, the difference in energy between linear and 
cyclic intermediates means that the equilibrium constant for the cyclization involving 
C=CCC=C. is more favorable, i. e., by a factor of 60 at 1038K (the temperature of the 
Back and Back experiments), than for the cyclization of C=CCCC*. Thus we expect 
cyclization, whether it occurs via stabilized or energized adducts, to be much more 
favored for the case of C=CCC=C*; under the present conditions, this difference is 
enough to make contributions from allyl addition to ethylene unimportant. In general, 
the shallower wells in the ethylene system, coupled with the greater entropy of the 
reactants relative to the intermediates, favor redissociation of the adducts back to 
reactants, thus making this an inefficient channel for molecular weight growth. 

These observations can be generalized to other addition reactions. The following 
factors should increase the probability that direct production of cyclic species can 
occur via an energized-complex mechanism: 

(1) A deep well for the linear adduct-this will tend to make the barrier to 
cyclization lower than the entrance barrier, thus increasing its unimolecular 
rate. 

(2) An increase in the exothermicity of the cyclization reaction-this is needed to 
offset the entropy loss upon cyclization. 

(3) A final cyclic product with high stability-this will result in low energy exit 
channels relative to the entrance and will lead to faster unimolecular rates. 

One such system where these factors are especially significant is the formation of 
benzene via the sequence: 

1-CqHg + C2H2 = 1-CgH7 = cyclohexadienyl = benzene + H. (A)  

The potential energy diagram is shown in Fig. 2. Here the linear adduct is seen to 
gave a much deeper well than that resulting from the allylic addition shown in Fig. 1. 
Here the adding radical is vinyllic, as contrasted to the resonantly stabilized allyl; thus 
there is no loss of resonance upon addition as is the case with allyllic species. The 
cyclization is also much more favored in the benzene system since the combination of 
an unstable vinyllic linear radical and a very stable cyclic radical results in an 
exothermicity of 43 kcal/mole for the cyclization. Furthermore, note that the final exit 
channel for benzene production, due to its unusual stability as an aromatic molecule, 
is much lower than the entrance channel. As a result, this path to benzene can be 
very important. In fact, at 1 atm and 1200K, the rate of production of benzene via the 
direct reaction of the energized complex accounts for over 90% of the total reaction of 
the initially formed linear adduct. Here the overall exothermicity is sufficient to 
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compensate for the loss in entropy upon cyclization. Such compensation is 
particularly important at high temperatures where the TAS term plays a larger role. 

Another interesting issue in molecular weight growth is the possibility of isomerization 
of methyl-cyclic C5 compounds to cyclic c6 compounds. Such isomerizations were 
considered in chlorobenzene pyrolysis to explain observed production of minor 
amounts of cycl~pentadiene~. Given the prediction of cyclopentadiene production in 
methane pyrolysis, Fig. 3 suggests a possible route to benzene from cyclopentadiene. 
The recombination of the cyclopentadienyl radical with methyl is quite likely in these 
systems since both species are likely to build up to quite high concentrations, relative 
to other radicals, since the are no facile dissociation chaannels available. Note the 
production of methyl-cyclopentadienyl is only 8 kcallmole endothermic. Once formed it 
can undergo beta-scission to form fulvalene. H-atom addition to the fulvalene (to the 
opposite end of the double bond) leads to the cyclopentadienylmethyl radical, which 
would be expected to quickly convert, over a series of low barriers, to benzene. This 
analysis would suggest that one really needs to consider formation .of both 5 and 6 
membered rings as the starting points for aromatics formation. 

In an effort to better understand the detailed kinetics of molecular weight growth, we 
have used a molecular-beam sampling mass spectrometer (MBMS) to directly observe 
reactants, products, and reactive intermediates in hydrocarbon pyrolysis and 
oxidation6. A key component of this approach is use of photoionization at 10.5 ev., 
obtained by tripling the tripled (355 nrn) out of a YAG laser. It is then possible to 
minimize fragmentation, substantially improving one's ability to observe free radicals 
that would otherwise be obscured by parent fragments. A schematic of the 
experimental set-up along with typical data from 1-butene pyrolysis is shown in Fig. 4. 
This system has been used to observe the production of both C5 and c6 species 
during pyrolysis and oxidation of C4 molecules. In a typical experiment, the 
temperature is slowly increased at constant residence time and the molecular weight 
growth is monitored as one goes to higher conversions. A particularly interesting 
observation was that the allyl radical concentration was observed to decline at 
temperatures where C5 and c6 molecules were initially observed to be produced. We 
are now comparing these results with our detailed models of molecular weight growth. 

An analysis of benzene production in low pressure flames' led to the identification of 
several radical addition reactions that might account for the observed production. One 
such path was that considered above in (A). This path was chosen by comparison of 
the measured concentrations C4H5 and C2H2 to the rate of benzene production. 
However, since C4H5 was measured with a mass spectrometer, it was not possible to 
distinguish 1-C4H5 from 2-CdH5. If these two isomers were equilibrated and if the 
secondary radical were much more stable, one would expect the majority of the 
measured C4H5 to be the secondary radical, which is not expected to rapidly form 
benzene, and this particular route would be unimportant. [However, it is important to' 
note that the secondary radical can add to acetylene to form a fulvalene radical, and 
thus it might be converted to benzene in a second step, as discussed above.] Thus a 
critical issue, as yet not completely resolved, is the relative stability of these two 
isomers. At first glance, it might appear that the secondary radical would be much 
more stable, since the unpaired electron could be stabilized by the adjacent double 
bond. Indeed, The Sandia Thermodynamic database8 indicates a normal resonance 
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stabilization (1 2 kcal/mole) in the secondary radical. However, the rotation required 
here would disrupt the conjugation in the system as well as result in the relatively high 
energy allenic structure (1,2 butadiene is 12.5 kcallmole less stable that 1,3 
butadieneg). Thus, it might appear that the normal resonance stabilization could be 
offset, and the energies of two isomers could be quite close. We feel this is an area 
which warrants further investigation. For the flame work considered here, benzene 
production occurs near 1500K. This implies that a difference in stability of 3 kcallmole 
in the two isomeric forms would result in 42% of the C4H5 as the primary isomer, 
meaning that this could be a major route to benzene. However, a difference of 12 
kcalhnole. i. e., a typical resonance stabilization energy, would mean that only 4% of 
the primary isomer would be present at equilibrium; thus ruling out this direct path to 
benzene in this flame. 
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1. I n t r o d u c t i o n  
Ethynyl  r a d i c a l  ( C r H I  h a s  been  r e c o g n i z e d  as  a n  i m p o r t a n t  

precursor of  s o o t  f o r m a t i o n  i n  t h e  p y r o l y s i s  o f  a c e t y l e n e  a n d  i s  
a l so  b e l i e v e d  t o  b e  i m p o r t a n t  i n  t h e  f o r m a t i o n  o f  i n t e r s t e l l e r  
m o l e c u l e s .  The r a t e  c o n s t a n t s  o f  t h e  e l e m e n t a r y  r e a c t i o n s  of C 2 H  
w i t h  C2 H2 and H2 , 
and 

h a v e  been  measured by s e v e r a l  g r o u p s  a t  room t e m p e r a t u r e ,  however ,  
some d i s a g r e e m e n t  among them were i n d i c a t e d  I ) - 4  ’ , a l s o  no d i r e c t  
d a t a  are a v a i l a b l e  at  h i g h  t e m p e r a t u r e  r a n g e  e x c e p t  for t h o s e  
b a s e d  on  i n d i r e c t  measurement  on  t h e  p y r o l y s i s  of  C z H 2 5 ) ,  or f rom 
s p e c u l a t i v e  s i m u l a t i o n s ’  . 
As t h e  f l a s h  p h o t o l y s i s  w i t h  i n t e n s e  e x c i m e r  laser r a d i a t i o n  
combined w i t h  s h o c k  wave h e a t i n g  t e c h n i q u e  h a s  e n a b l e d  us t o  g e t  
d i r e c t  i n f o r m a t i o n  o n  t h e  d e t a i l s  o f  radical r e a c t i o n s  a t  
h i g h  t e m p e r a t u r e  r a n g e ,  t h e  p r o c e s s e s  ( 1 )  a n d  ( 2 )  have been 
examined i n  t h i s  s t u d y .  I n  a d d i t i o n ,  f l a s h  p h o t o l y s i s  s t u d i e s  
a t  room t e m p e r a t u r e  w i t h  a m a s s  s p e c t r o m e t e r  have  been p e r f o r m e d  
t o  e n s u r e  t h e  t e m p e r a t u r e  d e p e n d e n c e s  o n  t h e s e  r e a c t i o n  p r o c e s s e s  
a t  w i d e r  t e m p e r a t u r e  r a n g e .  Thus ,  t h e  k i n e t i c  i n f o r m a t i o n s  
d e r i v e d  i n  t h i s  work may b e  v e r y  u s e f u l  b o t h  i n  t h e  f u n d a m e n t a l s  
of c h e m i c a l  k i n e t i c s  as  w e l l  a s  i n  t h e  n u m e r i c a l  s i m u l a t i o n s  o f  
p r a c t i c a l  c o m b u s t i o n  s y s t e m s .  

2 .  E x p e r i m e n t a l  Sys tem 
The d e t a i l s  of  t h e  e x p e r i m e n t a l  s y s t e m s  were d e s c r i b e d  i n  o u r  

p r e v i o u s  p u b l i c a t i o n s ”  8 ’  Two i n d e p e n d e n t  e x p e r i m e n t a l  s y s t e m s  
h a v e  been u s e d  i n  t h i s  s t u d y :  an e x c i m e r  l a s e r  p h o t o l y s i s  b e h i n d  
s h o c k  waves was u s e d  to  s t u d y  t h e s e  r e a c t i o n  p r o c e s s e s  a t  
e l e v a t e d  t e m p e r a t u r e s  ( a b o v e  1000 li), w h e r e ,  hydrogen  a toms 
produced  i n  t h e  r e a c t i o n s  w e r e  m o n i t o r e d  by u s i n g  atomic r e s o n a n -  
c e  a b s o r p t i o n  s p e c t r o s c o p y  (ARAS), and  a n  e l e c t r o n  impact  i o n i z a -  
t i o n  mass s p e c t r o s c o p y  was used  t o  measure  t h e  r a t e  c o n s t a n t s  and  
examine t h e  r e a c t i o n  p r o d u c t s  a t  room t e m p e r a t u r e .  
For t h e  h i g h  t e m p e r a t u r e  e x p e r i m e n t ,  a d i a p h r a g m l e s s  shock  t u b e  
of 5 cm i . d .  made o f  s t a i n l e s s - s t e e l  w a s  u s e d .  Sample g a s e s  w e r e  
i r r a d i a t e d  by a n  ArF laser ( Q u e s t e k  V - 8 ,  a b o u t  1 5  n s  p u l s e  
d u r a t i o n )  t h r o u g h  a r e c t a n g u l a r  q u a r t z  window (4cmxlcm) l o c a t e d  
at t h e  e n d  p l a t e  a f t e r  b e i n g  h e a t e d  by r e f l e c t e d  s h o c k  waves.  
C z H 2  was p h o t o d i s s o c i a t e d  by t h e  UV laser r a d i a t i o n  t o  form C2H 
and H. I n  t h e  h i g h  t e m p e r a t u r e  e x p e r i m e n t ,  t i m e  dependence  o f  H 
a toms p r o d u c e d  i n  t h e  p h o t o l y s i s  ( i n  t h e  r a n g e  of  101 I-10’2 

Can2 t C2 H + C d  H2 t H 11) 

C 2 H  t H 2  + Cz Hz + H  ( 2 )  
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molecules/cmj ) were monitored by an atomic resonance spectroscop- 
ic system (ARAS) at 121.6 nm. Absolute concentration of H atoms 
were decided by using a calibration curve which was decided by 
conducting thermal decomposition experiment using H2-Fi2O-Ar 
mixtures. The main advantage of the diaphragmless type shock tube 
is its excellent reproducibility of the shock heated condition: 
signal averaging at a fixed shock condition, when required, and 
plotting first-order rate against the concentration of the 
reacting partner in deciding the bimolecular rate constant were 
performed in this study to improve the quality of the kinetic 
informations. 
The 193 nm photolysis experiemnt at room temperature was 

conducted in a slowly flowing pylex tube of 1.5 cm i.d. Sample 
gases &‘ere directly introduced into the vacuum chamber through a 
pinhole of lOOum i.d. and continuously detected by an electron- 
impact ionization mass spectrometer (Anelva TE 6OO-Sl.The ion 
signa1.s froma secondary electron multiplier operated under pulse- 
counting conditions were recorded with a gated counter following 
pulse amplification and discrimination. Time dependence of the 
individual mass peak was obtained by scanning the delay time of 
the gat.e w.ith the fixed gate width of 50 or 100 u s .  Signals were 
averaged over 10’ laser shots for each run. 

3. Experimental Results 
Firstly, the reactions of CzH produced by an ArF laser 

photolysis in the mixtures of CzHz and C2Hz+Hz highly diluted in 
Ar were studied behind reflected shock waves. 
Typical oscillogram traces for the ARAS esperiment behind .shock 
waves are shown in Fig.3. The absorption intensity at 121.6 nm 
incresed when shock waves passed through the observation section 
due to C2H2. With a proper delay time (typically 50 us) after the 
shock wave passage, ArF laser was fired and the rapid increment 
of the absorption intensity was observed by the production of H 
atoms by the photolysis of CEHZ: then, the intensity gradually 
increased to a steady state with a single-exponential profile. 
The detailed mechanisms for the photodissociation of CPHP by 

193 nm laser has not been clarified yet. In this study, the rate 
of the incremnt of H atoms following the photolysis was not 
affected by the intensity of the ArF laser and, also the 
concentration of H atoms at steady state was always equal to 
about twice of that initially formed by the photolysis: moreover, 
the concentrations of the initial H atoms produced by the ArF 
laser photolysis was approximately proportional to the input 
laser energy, i.e., the ratio of (H) produced in the flash 
photolysis to the initial concentration of C2H2, (H)/(CeHe )e  
varied from about 0.15% to 1 X for the input laser powers of 10 
to 60 mJ/cmz over the temperature range of 1000-2000 K. Thus, the 
multiphoton process that lead to the production of C2+2H was 
concluded to be unimportant at this input energy ranges’. It 
was also confirmed that the rise rates of H atoms were proportio- 
nal to both the initial concentration of CzHz and that of added 
H 2 ,  as are shown in Fig.4 and Fig.5. 
Based on these experimental evidences, it was assumed that the 
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initial concentration of H atoms produced by the 193 nm 
photolysis was equal to that of CzH(X2E' ) at the present 
experiment: the quenching rate of the possible electronically 
excited C2H(A?n) produced in the photolysis was supposed to be 
sufficiently fast in the time scale of the shock wave experiment. 
Thus, the informations on the time dependence of H atoms should 
be directly related to those for (1) or ( 2 ) :  the rate constants 
for these processes were evaluated from the slopes of the plot of 
the first order rate against initial concentrations of C2H2 and 
H' shown in Fig.4 and Fig.5, respectively. 
The results are summarized as, kl = (6.6*1.1)xlO-Il (cmjmolecule-1 
s - 1 )  over T 1260-2487 K without appreciable temperature 
dependence, and ki = (3.3~10-10) exp(-13.8 kcal mol-!/RT) (cm3 
molecule-! 8-1 ) over T = 1565-2218 K .  In order to check the 
sensitivity of the side reactions in these experimental 
conditions, numerical computations including 11 elementary react- 
ions were performed at some typical experimental runs; no 
effective contribution from the side reactions was found in 
evaluating k! and k2. 
The reaction processes ( 1 )  and ( 2 )  were examined by the 193 nm 

photolysis also at room temperature, where the time dependent 
concentration of C4H2 was monitored by an electron-impact mass 
spectrometer with an electron energy of 20 eV. 

For the experiment on CrH2-Ar mixtures, as is shown in Fig.6, 
when CnHz was irradiated by 193 nm, the concentration of C4H2 (m/e 
= 5 0 )  increased exponentially towards steady level, and the rise 
rate of it linearly depended on the initial concentration of 
C2H2. From the slope shown in this figure, the rate constant was 
decided as, kl = 4.6~10- I I (cmi molecule-' s- I ) at 293 K .  This 
value is consistent with that at high temperature range. 
'When sufficient amount of H2 was added to the C2Hz - A r  mixtures, 
the rise rate of C4H2 became too large to decide the rate 
constant for ( 2 )  accurately. However, the experimental 
conditions were chosen so that the effect of the side reactions 
except ( 1 )  and ( 2 )  could be neglected (as was already noted 
avobe), then the reaction rate constant for ( 2 )  could be decided 
by measuring the steady state concentration of C I H ~  , (C, Hi ). with 
the following relation, 

where, (CzH)* is the initial concentration of CiH produced by the 
ArF photolysis. Fig.7 shows the validity of this relation. The 
experiment was conducted with 0.63 and 0.74 Torr partial pressure 
of CzHz and the energy of 193 nm laser was fixed to 12 mJ/cm2, 
where, the pressure of Hn was varied from 0 to 310 mTorr: the 
rate constant for ( 2 )  estimated from the slope of this plot was, 
b = 4.83~10-1' (cmJmolecule-~ 8-1 ) at 293 K. 

4 .  Discussion and Comparison with The Previous Results 
The present results on kl together with the previous ones are 

summarized in Fig.8. The present results agree well with that by 
Frank and Just5' at high temperature range and also with those by 
Lange and Wagner'' and Laufer and Bass" at room temperature: it 
is not clear why only the rate constant measured by Stephens et 
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a l , "  who m o n i t o r e d  t h e  c o n c e n t r a t i o n  o f  G I H  by c o l o r  c e n t e r e d  
laser was a b o u t  5 t i m e s  f a s t e r  t h a n  t h e  p r e v i o u s  s t u d i e s z , ; ;  or 
p r e s e n t  r e s u l t .  They a t t r i b u t e d  t h i s  d i f f e r n c e  o f  t h e  r a t e  
c o n s t a n t s  t o  t h e  f o r m a t i o n  o f  t h e  i n t e r m e d i a t e  s p e c i e s ,  however ,  
more d i r e c t  e v i d e n c e  may be r e q u i r e d  t o  s u p p o r t  t h i s  mechanism. 

The o t h e r  i m p o r t a n t  r e a c t i o n  i n  t h e  i n i t i a t i o n  s t a g e  o f  C 2 H 2  
p y r o l y s i s  ( 2 )  h a s  been  s t u d i e d  by s e v e r a l  g r o u p s  b u t  t h e  r a t e  
c o n s t a n t  o f  i t  shows s u b s t a n t i a l  d i s a g r e e m e n t  e a c h  o t h e r '  ' - '  ' : 
t h e  r e a c t i o n  i n t e r m e d i a t e  w a s  d i s c u s s e d  i n  o r d e r  t o  e x p l a i n  t h e  
d i f f e r e n c e  between t h e  rate o f  r e a c t a n t  and p r o d u c t s .  As c a n  be 
s e e n  i n  Fig.9, t h e  p r e s e n t  r e s u l t  on  lir a t  room t e m p e r a t u r e  w a s  
s m a l l e r  t h a n  t h e  p r e v i o u s  o n e s .  T h i s  p r o c e s s  is  s u p p o s e d  t o  have 
s u b s t a n t i a l  t e m p e r a t u r e  dependence  b e c a u s e  o f  t h e  e n e r g y  b a r r i e r  
o f  t h e  t r a n s i t i o n  s t a t e .  No d i r e c t  e x p e r i m e n t a l  d a t a  at  h i g h  
t . empera ture  a r e  a v a i l a b l e ,  a l t h o u g h  some s p e c u l a t i v e  r a t e  
c o n s t a n t  h a s  been  used  i n  t h e  computer  s i m u l a t i o n s s '  . The r a t e  
c o n s t a n t  s u g g e s t e d  i n  t h e  p r e v i o u s  works h a s  shown h i g h l y  non- 
A r r h e n i u s  tempera t .ure  dependence .  Our r e s u l t s  a t  h i g h  
t e m p e r a t u r e  r a n g e  h a s  c o n s i d a r a b l y  l a r g e  t e m p e r a t u r e  d e p e n d e n c e ,  
t h u s ,  t h e  e x t r a p o l a t i o n  o f  them t o  t h e  room t e m p e r a t u r e  r a n g e  
g i v e s  much s m a l l e r  r a t e  c o n s t a n t  t h a n  t h o s e  d i r e c t l y  measured .  
Such non-Arrhemius t e m p e r a t u r e  dependence  o f  t h e  rate c o n s t a n t  
f o r  ( 2 )  w a s  d i s c u s s e d  by Harding  e t  a l .  b a s e d  o n  t r a n s i t i o n  s t a t e  
p r o p e r t i e s  of  CpH e s t i m a t e d  by a b  i n i t i o  c a l c u l a t i o n ' 0 '  . Although 
t h e  o b s e r v e d  a c t i v a t i o n  e n e r g y  i n  t h i s  s t u d y  (13.8 k c a l / m o l )  w a s  
much l a r g e r  t h a n  t h a t  e s t i m a t e d  i n  POL-GI c a l c u l a t i o n  ( 4 . 0  
k c a l / m o l l ,  t h e  TST t h e o r y  seems c o n s i s t e n t  w i t h  t h e  p r e s e n t  
e x p e r i m e n t :  i t  is s u g g e s t e d  t h a t  t h e  l a r g e  t e m p e r a t u r e  dependence  
o f  t h e  r a t e  c o n s t a n t  f o r  ( 2 )  was b r o u g h t  b o t h  by t h e  t e m p e r a t u r e  
dependence  o f  v i b r a t i o n a l  p a r t i t i o n  f u n c t i o n  o f  t h e  t r a n s i t i o n  
s t a t e  ( h i g h  t e m p e r a t u r e  r a n g e )  and  t u n n e l i n g  e f f e c t  (low t empera-  
t u r e  r a n g e ) .  
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2 A schematic of the laser photolysis - mass specrometer 

system used in the room temperature experiment 
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Fig.3 Examples of oscillogram trace of 121.6 m absorption 
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a: 86 ppm C2H2 in A r ,  T = 1758 K, p = 1.92 atm. 
b:  21 ppm CzHz + 400 ppm Hz in Ar, T = 1639 K, p = 1.33 atm. 
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Fig.4 Dependence of the rate 
of increment of H atoms on the 
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Fig.5 Dependence of the rate 
of increment of H atoms on the 
initial concentration of H~ 
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diluted in Ar, PI  =20 T o r r )  
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Fig.6 First order production rates of C.H2 as a function of C2H2 

concentrations. A time profile shown in the figure was 
taken with (CaH2)0=8.6x10’2 molecules/cm3. 
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Fig.7 P l o t  of [1-(C2H)o/(C.H2)ol(C2H2) vs (H2). Slope of this 
P l o t  is equal to k2/kl (see Eq.(3)). o;(C2H2)=0.2J m T o r r ,  
O ; ( C ~ H 2 ) = 0 . 6 3  mTorr ,  ~ ; ( C ~ H ~ ) = 0 . 7 4  m T o r r .  
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QUENCHING OF DIACETYLENE FORMATION DURING THE REACTION OF 
OXYGEN ATOMS WITH ACETYLENE AT 300 K 

David E. Phippen and Kyle  D. Bayes 
Department of Chemistry and Biochemistry 

University of California,  Los Angeles, CA 90024-1569 

IcE?IwoRDS: diace ty lene ,  acetylene,  oxygen atoms 

ABSTRACT 

The production o f  diacetylene i n  t h e  low pressure reac t ion  of 
oxygen a t o m  with acetylene was monitored with a photoionization mass 
spectrometer. The addi t ion  of methane, n i t rous  oxide or molecular 
hydrogen quenched t h e  formation of diacetylene.  Stern-Volmer k ine t i c s  
were observed, which implies t ha t  both acetylene and t h e  quenching gas 
compete f o r  a s i n g l e  reac t ive  intermediate. This quenching appears t o  
be closely connected with t h e  quenching of chemi-ionization reported 
previously (Cbem. Pbys. Lett. 164, 625 (1989) ) . Quan t i t a t ive  
comparisons of quenching r a t e s  with known r a t e  constants suggest t h a t  
CH(X2n) is t h e  intermediate involved. Application of an electric 
f i e l d  t o  t h i s  system had no a f f ec t  on the  diacetylene concentration, 
showing t h a t  chemi-ions a r e  not involved i n  C4H2 formation. 

INTRODUCTION 

Diacetylene (C4H2) is  an important intermediate i n  t h e  combustion 
of acetylene and o ther  hydrocarbons, espec ia l ly  f o r  fue l - r ich  
conditions [l-51. As much as 35% of t h e  acetylene consumed i n  a flame 
may pass through C4H2 [ 4 1 .  I t  has been argued t h a t  diacetylene and 
heavier polyacetylenes a r e  precursors of soot [1,41,  although others  
do not support t h i s  proposal. 

t he re  is agreement t h a t  t h e  mechanism of diacetylene formation is 
complex [6-81. The i n i t i a l  r a t e  of formation of CqH2 is proportional 
t o  the  product of concentrations [O] [C2H I ,  and t h i s  r a t e  can be 
accelerated by adding hydrogen atoms o r  i nh ib i t ed  by adding O2 o r  H ~ .  

established. The reac t ion  usually proposed is, 

The atomic oxygen-acteylene system has been s tudied  extensively and 

The reac t ion  t h a t  forms diacetylene i n  flames has not been c l ea r ly  

and t h i s  reac t ion  is known t o  be f a s t  [ 9 ] .  However, a reasonable 
source of C2H rad ica l s  i n  flames is not known. 
abstract ion,  favored i n  t h e  past ,  

The direct 

0 + C2H2 - > C2H + OH 

is now known t o  be endoergic by 30 kca l  mol-' [lo], and thus  can be 
ignored except f o r  very high temperature combustion. 

We have extended e a r l i e r  quenching s tudies  [ l l ]  i n  an attempt t o  
c l a r i f y  t h e  mechanisn by which diacetylene is  formed during acetylene 
combustion. 
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EXPERIMENTS 

Oxygen atoms were made by discharging a flowing mixture of  0.5% C02 
i n  He  i n  a microwave discharge (2450 MHz). T i t r a t i o n  with NO2 showed 
t h a t  t h e  typ ica l  [ O ]  was 3 mTorr. Acetylene, a l s o  d i l u t e d  i n  He,  and 
other  quenching gases were added upstream of  t h e  pinhole t o  a 
photoionization mass spectrometer. The diacetylene was photoionized 
by Lyman a rad ia t ion  (10.2 eV) and detected a t  mass 50. The t o t a l  
pressure was kept constant a t  3 Torr as  the  quenching gases  were added 
by varying t h e  H e  flow. Further experimental d e t a i l s  a r e  given 
elsewhere [12]. 

RESULTS and DISCUSSION 

We have observed t h a t  adding methane, n i t r o u s  oxide o r  molecular 
hydrogen t o  the 0 + C2HZ system quenches t h e  formation of diacetylene.  
These quenching molecules are r e l a t i v e l y  i n e r t  t o  a t t a c k  by oxygen 
atoms a t  300 K f o r  t h e  shor t  contact times (<15 ms) used i n  t h i s  
study. 

For methane and n i t rous  oxide t h e  quenching followed a simple 
Stern-Volmer law, as can be seen i n  Figure 1. The quenching 
eff ic iency depends on t h e  p a r t i a l  pressure of acetylene present .  
o r ig ina l  da ta  a r e  recorded elsewhere [121. 

Simple Stern-Volmer p l o t s  suggest t h a t  both acetylene and t h e  
quencher molecule a r e  competing for  t h e  same intermediate. I f  t h e  
intermediate, I, r e a c t s  with acetylene, a molecule of diacetylene is 
formed (not necessar i ly  i n  a s ing le  s t e p ) .  

The 

I + C2H2 - > --> C4H2 (3)  

I + Q  > other  products ( 4 )  

I > other  products . (5) 

Reaction between I and quencher molecule Q does not r e s u l t  i n  
diacetylene formation. Reaction (5) is included t o  allow loss of I by 
other  react ions,  on t h e  walls, etc. 

I f  it is assumed t h a t  t h e  addition of Q does not  a f f e c t  t h e  rate of 
formation of I, then react ions 3, 4 and 5 lead t o  t h e  steady state 
expression, 

I 
i 

where [C4H2Io r e f e r s  t o  t h e  diacetylene s igna l  when no quencher gas  i s  
present .  The quenching da ta  for  methane and n i t r o u s  oxide have been 
f i t  t o  Equation A using l e a s t  squares. 

I f  Equation A is va l id ,  t h e  inverse of t h e  s lopes of  t h e  
Stern-Volmer p l o t s  should depend l i n e a r l y  on t h e  acetylene 
concentration. 
t h i s  simple model, t h e  slopes of  t h e  l i n e s  i n  Figure 2 then give t h e  
r a t i o s  f o r  k3/k4 and t h e  in te rcepts  give k5/k4. 

A test of t h i s  re la t ionship  is shown i n  Figure 2. For 

Values f o r  these  k3/k4 
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r a t i o s  are col lec ted  i n  Table I. 

ni t rous oxide and so more of it was necessary t o  give s ign i f i can t  
quenching. The r e s u l t i n g  Stern-Volmer p l o t s  w e r e  s l i g h t l y  concave 
downward. It is not c l e a r  i f  t h i s  ind ica tes  t h a t  a more complex 
quenching mechanism is  needed, or t h a t  some o ther  e f f e c t  r e su l t i ng  
from the l a rge  concentrations of Hp is involved. I t  is  known t h a t  
hydrogen atoms promote the  formation of diacetylene [ E l ,  and it is  
possible t h a t  t h e  l a r g e  H2 concentrations could r e s u l t  i n  hydrogen 
atom being produced (e.9. by co l l i s iona l  d i ssoc ia t ion  of H2 by 
CO(a3n),  which is produced i n  t h i s  system [131, or by radical  a t tack  
on H ) .  
t he  %orm, 

Molecular hydrogen was a less e f f i c i e n t  quencher than  methane or 

The hydrogen quenching curves could be f i t  t o  equations of 

By analogy t o  Eqn. A, the rec iproca l  of was p l o t t e d  against  t h e  
acetylene concentration, and t h e  r e su l t i ng  poin ts  a r e  cons is ten t  with 
a s t r a igh t  l i n e  (Fig. 2 ) .  The slope of t h i s  l i n e  is entered i n  Table 
1 under k3/k4 f o r  hydrogen with the  understanding t h a t  t h i s  assignment 
is  tentat ive.  

The second column of numbers in  Table 1 gives the  r a t i o  of k3/kq i f  
t h e  intermediate I is t h e  ground s t a t e  CpH radical .  
present study, t he  precursor t o  diacetylene r eac t s  with methane only 
2 . 1  times slower t h a t  it does with acetylene, while C2H r eac t s  50  
t i m e s  slower. The t e n t a t i v e  r a t i o  fo r  hydrogen is a l s o  not compatible 
with the intermediate being C2H. Unfortunately, t h e  r a t e  constant fo r  
C2H reac t ing  with N 0 has not been measured yet .  
of the f i r s t  two cofumns of Table I, w e  conclude t h a t  t h e  intermediate 
I is not  t h e  C2H r a d i c a l .  

The CH r ad ica l  has  been proposed by HOmaM and Schweinfurth a s  one 
of t he  precursors lead ing  t o  diacetylene [ e l .  The t h i r d  column of 
Table I g ives  t h e  r a t i o s  of k3/kq for CH(X2n) .  I n  comparing t h e  f i r s t  
and t h i r d  columns o f  T a b l e  I, better agreement is seen, although the  
values f o r  hydrogen still d i f f e r  s ign i f i can t ly .  

A more impressive comparison can be made between t h e  quenching of 
chemi-ionization repor ted  previously f o r  t h i s  system [111 and t h e  
quenching of d iace ty lene .  The f r ac t ion  of t he  chemi-ionization tha t  
can be quenched follows a Stern-Volmer law, and a p lo t  of t he  
reciprocal of t h e  Stern-Volmer slopes vs.  acetylene looks very s imi la r  
t o  the  present  Figure 2.  In  pa r t i cu la r ,  fo r  methane quenching, the 
l i n e s  show iden t i ca l  slopes,  i.e. iden t i ca l  values f o r  k3/k4. 
Quenching by N20  a l s o  agrees c lose ly  ( k3/kq = 3.5 f o r  chemi-ionization 
quenching, compared t o  4.8 i n  Table I ) .  Since t h e  quenching of the  
chemi-ionization almost ce r t a in ly  involves reac t ion  with the  CH (X%) 
radical,  t h i s  s t rengthens  t h e  case fo r  CH being a precursor t o  
diacetylene. 

The s i m i l a r i t y  of quenching of chemi-ions and diacetylene r a i s e s  
t h e  p o s s i b i l i t y  t h a t  chemi-ions might be precursors t o  diacetylene.  
This poss ib i l i t y  was t e s t e d  i n  a r ad ia l  e l e c t r i c  f i e l d  reactor ,  with a 
pinhole leading t o  t h e  photoionization mass spectrometer. 
diacetylene s igna l s  with and without an electric f i e l d  (4.8 Townsend) 

According t o  t h e  

From t h e  comparison 

The 
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were careful ly  compared; 
(<%I.  The smaller peak a t  mass 52 (C4H4) a l s o  d i d  not  change. Since 

t h i s  electric f i e l d  w i l l  reduce t h e  residence t i m e  of  t h e  chemi-ions 
by approximaetly a f a c t o r  of 100, we must conclude t h a t  chemi-ions a r e  
not precursors t o  t h e  observed diacetylene i n  t h i s  system. 

In t h e  HOmaM and Schweinfurth mechanism [El, t h e  CH r a d i c a l  r e a c t s  
with acetylene t o  form C3H2, which subsequently r e a c t s  with an oxygen 

The diacetylene i s  then formed when C2H r e a c t s  with 
another acetylene (Reaction 1). I f  t h i s  were the  cor rec t  m e c h a n i s m ,  
then adding a quenching molecule t h a t  could r e a c t  with both CH and C2H 
should give Stern-Volmer p l o t s  t h a t  curve upward. The magnitude of 
t h i s  effect can be seen i n  Figure 3, where the s o l i d  curves show t h e  
expected behavior f o r  methane quenching using known r a t e  constants  f o r  
C2H and a l i n e a r  term t h a t  f i t s  t h e  i n i t i a l  s lope.  The lack of 
curvature i n  t h e  experimental po in ts  suggests t h a t  sequent ia l  
quenching of two precursors  is not important f o r  t h i s  system. 

quenching molecules, then it i s  very l i k e l y  t h a t  t h e  react ion,  

no change i n  i n t e n s i t y  could be observed 

' atom t o  form C2H. 

I f  CH(X%) is  t h e  rad ica l  t h a t  i s  being intercepted by t h e  var ious 

C H ( X 2 X )  + C2HZ --> C3H2 + H (6) 

is the  next s t e p  i n  forming diacetylene.  Reaction 6 is s u f f i c i e n t l y  
exoergic t o  form any one of t h e  three  isomers of  C3H2. 
and trapping s tudies  have shown evidence f o r  C3H i n  flames [3,14]. 
However, very l i t t l e  is known about t h e  k i n e t i c  tehavior  of  any of 
these isomers. 
be speculative a t  t h i s  t i m e .  
t h e  following intermediates  t h a t  a r e  known t o  be  present  i n  t h i s  
system could donate a carbon atom t o  C3H2 t o  give diacetylene i n  an 
exoergic react ion:  C; C20; CH; vinyledene; CH2; HC20; o r  C3H2 itself. 

CONCLUSIONS 

Direct sampling 

t o  diacetylene can only The mechanism leading from C3H 
However, it shoutd be noted t h a t  any of 

The present quenching s tudies ,  espec ia l ly  t h e  r e s u l t s  with methane 
which a re  t h e  most extensive, do not support C2H as t h e  precursor  t o  
diacetylene i n  t h e  oxygen atom-acetylene system. 
present r e s u l t s  w i  h those from a previous chemi-ion quenching study 

Quenching by molecular hydrogen i s  anomalous and is  not understood. 
Clearly chemi-ions do not  p a r t i c i p a t e  i n  t h e  formation of diacetylene.  
Kinetic s tud ies  need t o  be done on t h e  C3H2 isomers t o  understand t h e  
next s t e p  i n  t h e  formation of diacetylene i n  t h i s  system. 

Combining t h e  

suggests t h a t  CH(X 5 z) i s  t h e  intermediate t h a t  i s  being quenched. 

I 
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Table I: Comparison of Experimental  Ra t ios  of k3/k4 with 
Ratios of Known Rate  Cons tan t s .  R a t e  c o n s t a n t s  f o r  C2H w e r e  
taken from 191 and from Lander et a l .  (J. P h y s .  Chem. 94, 1759 
(1990)). Rate cons tan ts  f o r  CH(X2n) were taken from the  review by 
Sanders and L i m  ( C h e m i c a l  K i n e t i c s  of S m a l l  O r g a n i c  R a d i c a l s ,  Vol. 
3, ed .  2. Alfass i ,  CRC Press,  BOca Raton, 1986, p. 103) .  95% 
confidence l i m i t s  f o r  kg/kq a r e  shown. 

Exper imenta l  r- If intermediate is 7 
Quencher k 3 4  C2H CH (X’n) - 

CH4 2.7 k 0.5 50 4.1 

N2Q 4.8 f 0.9 ? 5.4 

H2 17 rf: 7 340 >400 
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Figure 1: Stern-Volmer Plot of Diacetylene Quenching by 
Methane. 
acetylene: circles 3.9 mTorr; squares 8 . 4  mTorr; triangles 14 mTorr. All 
runs had [O] of 2.7 mTorr and 3 Torr t o t a l  pressure. The least  squares 
lines were forced through unity a t  zero methane. 

The different symbols represent different pa r t i a l  pressures of 
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Figure 2: Reciprocal of the Stern-Volmer Slopes as a Function 
of Acetylene. 
open squares quenching by nitrous oxide. 
have been divided by 1 0  before being plotted. 
weighted least  squares calculations. 
in the f i r s t  column of Table I. 

The so l id  c i rc les  represent quenching by methane and the  
For hydrogen the values of p - l  

The straight l ines represent 
The slopes of these l ines a re  entered 
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Figure 3 :  Comparison of Observed Quenching Data wi th  Model 
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KINETICS AND THERMOCHEMISTRY OF THE! OXIDATION OF 
UNSATURATED RADICALS: n-C,H, + 0, 

D. Gutman, I. R. Slagle, A. Bencsura, and S.-B. Xing 
Department of Chemistry 

Washington, DC 20064 
, Catholic University of America 

Keywords: unsaturated radicals; C,H, + 4; C,H, + C,H, 

INTRODUCTION 
The reactions of unsaturated free radicals (such as C,H, and C,H,) either with themselves or with 
small unsaturated molecules have been proposed as pathways leading to the eventual formation of 
aromatic compounds and swt.' Little is known about the reactions of these intermediates. In 
particular, the chemistry of the butadienyl radical (C,H,) is almost completely unknown. In order to 
test the feasibility of this radical as a soot precursor, it is important to determine if molecular oxygen 
can compete as a radical sink for C,H, in combustion systems, preventing the growth of [C,H,] to 
levels where reactions producing aromatic compounds can occur at a measurable rate. In this paper 
we report a direct experimental study of the kinetics and thermochemistry of the reaction of C,H, 
with O2 and use the results obtained to infer some general mechanistic pathways for the reactions of 
hydrogen-deficient free radicals with molecular oxygen. 
EXPERIMENTAL 
Atmaratus and Ge neral Procedure Details of the experimental apparatus and procedures have been 
published elsewhere' and only those aspects of the method which are unique to the present study will 
be described in detail here. Pulsed, unfocused 193-nm or 248-nm radiation (n5 Hz) from a Lambda 
Physik EMG 201 MSC excimer laser was directed along the axis of a heatable, boric acid-coated 
quartz reactor (1.05-cm-i.d.). Gas flowing through the tube at ~4 m s-' contained the butadienyl 
radical precursor (trans-1,3-pentadiene) in small amounts, oxygen, and helium. The flowing gas was 
completely replaced between laser pulses. Gas was sampled through a hole (0.043-cm diameter) 
located at the end of a nozzle in the side of the reactor and formed into a beam by a conical 
skimmer before the gas entered the vacuum chamber containing the photoionization mass 
spectrometer (PIMS). As the gas beam traversed the ion source, a portion was photoionized using 
resonance lamps (10.2 and 8.9-9.1 eV) and mass selected. Temporal ion signal profiles of the 
reactant radical, ,products and the radical precursor were recorded on a multichannel scalar from a 
short time before each laser pulse up to 20 ms following the pulse. Data from 1000 to 45,000 
repetitions of the experiment were accumulated before the data were analyzed. 
4: Radical A survey was 
conducted to determine the products of the photolysis of two possible C,H, radical precursors: trans- 
1 ,3-pentadiene (expected to produce the 1-butadienyl radical) and 2-methyl-l,3-butadiene (expected 
to produce the 2-butadienyl radical). This survey was conducted at two photolysis wavelengths (193 
and 248 nm) and two temperatures (298 and 650K). The mass spectrometric results were essentially 
the same at both wavelengths, with either precursor, and at either temperature. 
signal detected after photolysis corresponded to the mass of C5H6, a stable product. Smaller signals 
of approximately equal amplitude were detected at the mass numbers corresponding to C,H,, C,H,, 
C,H3 and C,H,. These ion signals exhibited the temporal behavior of free radicals with the signals 
decaying in an exponential manner due to the presence of heterogeneous wall effects. Smaller 
amounts of CH,, C2H3, CzHs, C3H6, and C4H4 were also detected. These results indicate that the 
important photolysis routes are 

The largest ion 
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-> C,H, + H 

While PIMS is a sensitive method for detecting small concentrations of free radicals (even in 
the presence of large concentrations of radical precursors), it cannot distinguish between structural 
isomers unless the ionization potentials of these isomers are extremely different. Such is not the case 
for the C,H, isomers. However, it is likely that the initial photolysis occurs at different sites in the 
two C5HE compounds studied here with the 1,3-pentadiene producing the 1-butadienyl radical, 

while the 2-methyl-l,3-butadiene produces the more stable 2-butadienyl radical. 
CH,-CH=CH-CH=CHZ - *CH=CH-CH=CH, + CH3 

CH,=C(CH3)-CH=CH, -t CHz=C-CH=CHz + CH, 
Although PIMS cannot distinguish between these two structural forms (or between a third 

form common to both precursors), a difference in observed reactivity can indicate the presence of 
two distinct isomers. At very low initial concentrations where. radical-radical reactions are 
unimportant and in the absence of any other reactants, both possible C,H, species react in a similar 
manner, displaying a simple exponential decay due to the presence of heterogeneous effects. 
However, when molecular oxygen is added to the system, there is a distinct difference in the 
temporal behavior of the two species. At room temperature in the presence of added oxygen the 
C4H, produced from the pentadiene reacts slowly and decays in a purely exponential manner. On 
the other hand, the C4H5 from the methylbutadiene reacts much more rapidly with a temporal 
behavior that is bi-exponential (perhaps indicating the presence of two structural forms of C4H, with 
very different reactivities). At higher temperatures in the presence of oxygen, the temporal ion 
signal profiles of both species exhibit bi-exponential behavior but with extremely different time 
constants, the C4H5 from the methylbutadiene always decaying much more rapidly than that from the 
pentadiene. On the basis of this difference in reactivity we conclude that the C4H5 produced from 
the 1,3-pentadiene is indeed the 1-butadienyl radical. 
Measurement of C 4 H , f l 2  Reaction Raie Parameters In the experiments reported here the 
1-butadienyl radical was produced in presence of varying amounts of oxygen by the 193- or 248-nm 
photolysis of 1,3-pentadiene. Initial radical concentrations were chosen to be low enough to ensure 
that radical-radical recombination reactions, either of C4Hs with itself or with the other products of 
the photolysis, had negligible rates compared to the reaction of interest. The absence of radical- 
radical reactions was confirmed at each set of experimental conditions reported here by varying the 
initial pentadiene precursor concentration. These tests also confirmed that the reaction of C,H5 with 
C,H, had a negligible rate under these conditions. Reaction rate parameters were also found to be 
independent of laser wavelength and intensity. These tests ensure that the 1-C4H5 + 0, reaction was 
in fact isolated for direct study. 
S i 5 - -  The search for possible products of the C4H, + O2 
reaction was hampered by the production of the additional CsH8 photolysis products, the low 
concentrations of C4H, radicals necessary to avoid recombination reactions, and the high oxygen 
concentrations used in this study. The photolysis of pentadiene produces many radicals which are 
themselves possible products of the C4H5 + 0, reaction or which react more rapidly with 0, than 
C4H5 to produce the same possible products. For example, C4H4, a stable photolysis product, is also 
the product expected from either the direct abstraction of a hydrogen atom from C4Hs by 0, or by 
the subsequent decomposition of a C~HJO, adduct. Another photolysis product, C2H3, reacts rapidly 
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with 0, to produce HzCO while C3H3 + 0, produces ketene at high temperatures. The C,H,O, 
adduct itself could not be detected. This was not unexpected since dkylperoxy radicals are not 
readily detected by PIMS. Another possible product, C4H,0, could not be detected because it lies at 
the same mass number as the precursor molecule. C3H40, a product analogous to the ketene 
produced in the high-temperature C3H3 + 0, reaction, was observed at 900K, but could not be 
confirmed as a product of the C,H, + 0, reaction since its temporal behavior did not minor that of 
the C,Hs radical. There were no product signals detected that could be unambiguously assigned to 
the C,Hs + 0, reaction. Since the mechanism for this reaction could not be established by direct 
methods, it will be assigned based on rate data and using analogies with what is known about the 
mechanisms of the reactions of similar unsaturated radicals. 
RESULTS 
From a preliminary set of experiments conducted over the temperature range of this study (295 - 
900K), it was discovered that the 1-C,H, + O2 reaction has different mechanisms at low and high 
temperatures and that at intermediate temperatures (369 - 4WK at the oxygen pressures used in these 
experiments) the equilibrium 

is clearly established. 
The results obtained will be discussed separately for the three temperature ranges in which 

different kinetic behavior was observed. Rate constants were measured at three densities at room 
temperature and at two densities in the high temperature region. Equilibrium constants for 
reaction 1 were determined in the intermediate region. The conditions of all these experiments and 
the results obtained are given in Table I and plotted in Figures 1 and 2. 
Room Tern-mture Reaction Near room temperature the C,H, + Oz reaction proceeds by simple 
addition 

The temporal behavior of C,Hs in the presence of an excess of 0, can be characterized by a simple 
first-order decay, with a decay constant (k’) equal to the sum of k,[O,] and k2 where k, is the rate 
for the heterogeneous loss of C,H,. 

The bimolecular rate constant was obtained from the slope of the line fitted through the measured 
decay constants plotted against [O,]. From the density dependence of this rate constant 
(A log (k ) /A  log [MI) 21 0.4, it is apparent that the reaction is near the middle of the fall-off region 
at the densities used in this study (6-18~10’~ molecule cm-’). (See Figure 1.) The addition 
mechanism is inferred from this density dependence of the rate constant as well as the fact that the 
reaction is reversible at higher temperatures. 
Intermediate Temuerature Ranee Between 369 and 409K the loss of C,H, in the presence of 0, was 
not a simple exponential decay but was rather a rapid decay followed by a much slower one which is 
characteristic of the radical reaching an observable equilibrium with 0,, reaction 1. The second, 
slower decay is due to competing processes, such as the heterogeneous removal of C4H, at the walls 
(reaction 2), other possible reactions of C,Hs with O,, or other reactions of C4H,0z that produce 
products other than the original reactants. As can be seen in Table lb, this second decay constant, 
m,, increases with temperature while the wall loss rate (reaction 2) remains essentially constant. 
This observation indicates that a change in reaction mechanism is occumng in this temperature 
range. 
continues to occur at higher temperatures (see below), where normally equilibrium of C,H, and 
C,H,02 would be established before measurable amounts of C,H, had reacted with 0,. 

The equilibrium constant, K,,  was obtained from the parameters of the double exponential 
function3 which was fit to the experimental C,H, ion signal profiles in this temperature range. The 
relationship between K, and these parameters is determined by the mechanism responsible for the 
temporal behavior of the C4H5. From the presence of a high temperature reaction and by analogy 
with reactions of other radicals, such as ethyl and propargyl, whi,ch exhibit similar behavior, we 

CdH, + 0, (+M) C4HsOz (+M) (1) 

CdH, + 0 2  - C4HS0Z (1) 

C4Hs - Heterogeneous loss (2) 

This conclusion is supported by the fact that an observable reaction of C4Hs with 0, 

. 
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conclude that the C,H, + 0, mechanism involves three steps: reversible addition (reaction l), 
heterogeneous loss of C,H, (reaction 2) and the unimolecular decomposition of the C4H,02 adduct. 

Thermodynamic functions for reaction 1 were obtained from the temperature dependence of 
c4H502 - Products (3) 

KI2. The values of AH",,, and AS",,, were determined from the slope and the intercept of the 
straight line fitted through the measured equilibrium constants on a modified van't Hoff plot (see 
Figure 2). They are 

AH0,,, = -18.7 f 0.8 kcal mol-' 
ASo,,, = -29.8 f 2.2 cal mol'' K '  

The correction to the ordinate variable, In K,, on the modified van't Hoff plot (which converts 
-AG",/RT to -AGo2,,/RT) is small (0.7 to 2%) and is obtained from heat capacities estimated by 
using group-additivity rules. 
Hieh TemDerature Reaction (600 - 9 0 0 4  Above the temperature at which equilibrium can be 
observed, C,H, continues to react with 0,. Radical decay profiles in this temperature region are 
again simple exponential functions and the decay constants (k') are proportional to [O,]. The 
phenomenological bimolecular rate constants are independent of a factor of two in density (6 - 
1 2 ~ 1 0 ' ~  molecule cm") and increase with temperature in this regime (see Figure 1). The 
bimolecular rate constants for the overall reaction 

were obtained in the same manner as for the low temperature reaction, i.e., from the slope of the 
line fitted through the measured first order decay constants plotted against [OJ, and were fit to an 
Arrhenius expression 

In the high temperature region the bimolecular rate constant increases with temperature and has no 
systematic density dependence. These observations indicate the importance of an irreversible C,H5 
+ 0, reaction path at elevated temperatures which proceeds over an energy barrier. 
C.H, + C2H, Reaction An attempt was made to observe a possible reaction of C4Hs with acetylene 
at 950K, a reaction indicated as potentially important in the formation of aromatic compounds.' 
There was no increase in the C,H, decay rate over the heterogeneous loss rate when 3x10" molecule 
cm" of acetylene was added to the system at a density of 1.2~10" molecule Since an increase 
of a factor of two over the heterogeneous loss could have been observed with C2H2 present, an upper 
limit for the rate constant of the C,H, + C,H, reaction at 950K could be established. It is 2 x 
cm3 mo~ecule-' s-I. 
DISCUSSION 
The simplest mechanism for the C,H5 + 0, reaction which can account for the observations of this 
study and which is consistent with our current knowledge of the mechanisms of other unsaturated 
free radicals with molecular oxygen is one which involves the reversible addition of 0, to the 
butadienyl radical and a second, irreversible decomposition path for the C,H,O, adduct. 

irreversible decomposition reaction of C,H,O, takes place. These reaction pathways account for the 
observed high-temperature behavior of the C,H, + 0, reaction, including the exponential decay of 
C4H, when 0, is in excess, the proportionality of the C,H, decay constants with [OJ, and the lack 
of density dependence of the overall rate constant for the loss of C,H,. Under these conditions there 
is a relationship between the phenomenological rate constant and those of the elementary reactions 
responsible for the loss of C,H,, k., = K,k3"/2 (k3- is the high pressure limit unimolecular rate 
constant for reaction 3). Using the measured values of K, and k., an Arrhenius expression for k3" 
was determined, k: = 3 ~ 1 0 ' ~  exp(-21 kcal mol-'/RT) s-I. 

for the decomposition of the C3H30, adduct formed in the reaction of the propargyl radical with 
molecular ~ x y g e n . ~  Likewise, the R-0, bond strength when R is C,H, is nearly identical with that 
when R is either CpH3 or C3H, (see Table 11). The mechanism proposed here for the C4H, + 0, 
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= 6 . 9 ~ 1 0 " ~  exp (- 2.5 kcal mol-'/RT) cm3 molecule-' s-' 

Above 500K, C,HS and 0, establish and maintain equilibrium while the second, slower, 

The rate constant derived for the decomposition of the adduct is very similar to that obtained 
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reaction, Le., reversible addition with a second, irreversible decomposition pathway for the RO, 
adduct, appears common to all R + 0, reactions. The initial R-0, adducts are formed at rates 
expected for a simple combination process along an attractive potential. However, the R-0, bonds 
formed by the more stable unsaturated radicals are weaker (18 - 19 kcal mol-') than those formed 
between alkyl radicals and 0, (32 - 38 kcal mol"). The overall reaction pathways observed and the 
nature of the final products are determined by the relative heights of the barriers to dissociation of 
the R 0 2  adducts back to reactants and to rearrangement of the RO, adducts followed by dissociation 
into oxygenated products. If, as in the case of the allyl radical, the barrier to rearrangement is much 
greater than that to redissociation, no oxygenated products are observed and the R + 0, reaction 
appears to "turn off' at high temperatures where the equilibrium favors the reactants. If, on the 
other hand, the barrier to rearrangement is only slightly higher than that to redissociation, the 
WRO, equilibrium again favors reactants but small amounts of oxygenated products will be observed 
to be formed as the temperature increases. Such is the case in the C,H, and C,H, reactions. 
Finally, if the barrier to rearrangement is much less than to redissociation, the R + O2 reaction 
appears to proceed directly to the oxygenated products as in the case of the i-C,H, rea~t ion .~  

In conclusion, even at combustion temperatures, reactions of C,H,, C3H,, or C,H, with 
molecular oxygen are not rapid. They do not effectively remove these intermediates from the pool 
of radicals. The loss mechanisms for these unsaturated radicals under combustion conditions must 
also include reactions with themselves to produce larger, unsaturated molecules, reactions with other 
free radicals (such as 0 and OH) and perhaps reactions with unsaturated molecules (such as 
acetylene or butadiene), reactions which could ultimately lead to the production of aromatic 
compounds. 
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m l e  I: Conditions and Results of the Studv of the C,H, + O2 Reaction 

3 E x ~ e  riments to Measure C.H,flo, Rate Constants 

Room Temperature Reaction 

296 6.00 7.11 3.20 1.93-13.4 37.8 
295 12.0 7.22 2.16 1.13-13.7 36.4 
299' 12.0 56.6 2.83 1.46-12.5 15.1 
296 18.0 2.69 2.64 1.10-9.52 35.9 
296 18.0 5.73 2.82 1.77- 12.3 34.0 
299 18.0 1.27 1.16 1.22-9.34 31.5 

High Temperature Reaction 

m 6.02 7.82 3.46 60.7-216. 26.2 
m 12.0 28.5 11.0 17.7- 172. 27.8 
75w 6.02 50.1 8.94 29.7-188. 18.3 
75w 12.0 20.0 9.00 60.7-2 15. 29.3 
w 6.07 18.0 7.65 12.8-256. 26.7 
9 w  12.1 6.55 11.1 54.7-237. 26.6 

b) ExDerirnents to Measure the Eauilibrium Constant for the C.H,flO, Reaction' 

23. 
32. 
31. 
38. 
36. 
38. 

0.72 
0.94 
1.2 
1.1 
1.8 
1.6 

T., lO-"[C,H& l@Poz, kz, RIZ m1, m2, 10-3~,,s, 
K molec. crn" atm-l s-1 S-I S.1 a d  

369 7.81 5.54 23.5 1.58 309. 34.0 32.2 
369 
374 
374 
379 
319 
384 
384 
389 
389 
389 
394" 
394 
399 
399 

7.82 
6.78 
6.78 
7.85 
11.7 
14.5 
15.4 
7.95 
14.9 
14.7 

13.6 
9.96 
9.84 

107. 

9.37 
7.73 
6.62 
10.1 
23.7 
25.2 
44.3 
26.2 
26.2 
45.7 
46.0 
53.4 
30.5 
56.6 

19.0 2.70 
27.0 1.97 
22.4 1.47 
21.7 1.47 
23.1 3.86 
29.9 2.63 
28.4 4.37 
31.0 3.15 
31.4 2.64 
34.2 4.86 
22.8 2.43 
21.3 3.27 
30.8 1.65 
26.3 2.26 
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318. 
345. 
333. 
374. 
674. 
679. 
833. 
847. 
702. 
1193. 
1215. 
1071. 
674. 
892. 

29.9 31.9 
33.2 27.0 
34.9 25.4 
38.9 17.2 
41.9 17.5 
45.0 11.1 
43.8 10.3 
54.7 13.0 
41.1 10.5 
52.5 11.0 
57.5 5.74 
54.0 6.65 
53.4 6.06 
53.0 4.37 
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Figure 1. Arrhenius plot of measured second-order rate constants for the CIH, i 0: reaction. 
Shaded area indicates the temperature region where equilibrium was the dominant process observed. 
o indicates experiments conducted at a density of 6 ~ 1 0 ' ~ .  3 at I.2xlOi7, and A at 1.8~10" molecule 
cm". 

c 
0 

0 
a, 

.- 
i-1 

L 
L 
0 c: 

c 

1 
v 
r - 

1 1  

1 0  

9 

a 

I 

?/; t I 

I 

2.5 2.6 2.7 

1000K/T 
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Table I (continued) 

404 20.2 45.6 37.8 1.39 921. 76.3 3.54 
409 20.2 46.2 29.4 0.809 580. 69.3 2.42 
409 12.6 57.9 29.8 1.23 1001. 74.5 2.51 

*Temperature variations: 350-450f3K, 600*2K, 750+4K, 900+5K 
'M = He + 0, 
'Upper limit to [C4H510 estimated assuming that one half of the precursor that decomposes produces 
C4H9 
dEstimated error limits are *20% for room-temperature rate constants and f30% for high 
temperature rate constants. 
'248 nm photolysis light used in this experiment; 193 nm used in all other experiments. 
'C4H5 ion signal, I(t), fit to expression I(t) = Aexp(-m,t) + Bexp(-m,t). [MI = 1 . 2 ~ 1 0 ~ '  molecule 

8% = (Rl2/PO&{ 1 + [(RI2 + l)(m, - k,J][R12(m, - I~J])~; R,, = A/B; estimated error limits: 
+SO%. 

Table 11: Comparison of Thermodvnamic Variables for R + O5 Reactions 
Involvine Unsaturated Free Radicals 

R AH"298, As"298, Ref. 
kcal mol-L cal mol-' K" 

C3H3 -18.9f1.4 -31.3f2.9 3 
C3H5 -18.2f0.5 -29.2 f 1.2 2 
C4Hs -18.7f0.8 -29.2 f 2.2 Current Study 
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The mermal Deawposition of 1,7 Oaadiyne as 
A Source of Pmpargyl Radicals 

w i n g   sang and J- A. w-. 
Chemical Kinetics and Thenmdymu cs Division 

National Institute of standards and Technology 
Gaitherskug,  Maryland 20899 

Keywonk: propazgyl, shcck tube, 1,’lcctadiyne 

AEsrRAcr 

D i l u t e  concentrations of 1 ,7  octadiyne have been demmpxed in single 
pls shock tube experiments. 
pressures of 2-7 atm atyon, the proaUcts are consistent w i t h  the main 
reaction involving the breaking of the rqmqylic  cdrbn-carkon. The rate 
expression for bond breaking is 1.6xlOlg exp(-35760/T) s-’. The newly 
formed pent-4-ynyl radical can cyclize or deccanpose via beta bond cleavage 
to form another propargyl radical and ethylene. The ratio of rate wnstants 
for the t w o  processes is 5.4~lO-~exp(6700 
proceeds w i t h  the rate expression, 5.6x1Oge&)(-27860/T) s-’. The propargyl 
radicals &ine to form a larqe number of linear c6 isamers. 
tmprature is increased fulvene and benzene are among the main products. 
The use  of 1,7 Octadiyne as a thermal SoLIrce of propargyl radicals for 
stwing reactions w i t h  other reactive species w i l l  be discussed. 

A t  temperatures between 1000-1200K and 

A parallel retroene reaction 

As the 

m m m w  
Recent studies1f2 have demDnstrated the important rule that propargyl 

radicals may play as a precursor for the formation of benzene and other C6H6 
isomers in hydrccabn ccanbustion systems. 
coworkers3 a t  very hi* temperatures, there have been no d i e  quantitative 
studies involving the reactions of pmpargyl radicals w i t h  other ozganic 
mlearles under conditions that lead to results that can be used in 
ccrmbustion systems. 
the generation of propargyl radicals i n  known quantities. 
reprts on the results of efforts i n  th i s  direction and on the nature of the 
pr~5~ct . s  f m  propargyl radical combination. 

Lxcept for the mrk on Kern and 

A prerequisite for making such studies is a methcd for 
This paper 

stein et a11 have confirnvrl4 that one of the pxsible products of 
propargyl radical canbination, 1,5 hexadiyne w i l l  easily rearrange through 
molecular processes to form f u l v m  and benzene. Alkemade and Homann2 have 
generated propargyl radicals thnniqh reaction of proparqyl brumide with 
d i m  and reprtd on the fomt ion  of a variety of recombination prcd~~cts ,  
1,5 hexadip, 1 , 3  hexadien-5-yne, 1,2 hexadien-5-yne, 1,2,4,5-hexatetraene 
and benzene a t  tanperatures between 623-673K. They distinguish between 
initial and secondary prcrtucts with benzene and 1,3-hexadien-5-yne being i n  
the la t te r  category. To saw degree these results are discordant w i t h  that  
of Stein et a l ,  since one would have thoqht  that with the lm energy 
mlecvlar deccwposition ChaMel for 1,5 hexadiyne, 
would have been hkzfiiately convertd upon d i n a t i o n  in the law pressure 
system used by Alkemde and Ho~mnn. 
de ted  the w e l l  )owwn characteristic pruiucts of 1,5 hexadiyne 
decconposition, bis-nethylenwyclobutme and fulvene. 

rmst of this ccanpound 

In addition, they w e r e  not able to  
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%e f0c;Us of this study is 1 , 7  octadiyne deccpnposition. previously, 
extensive s ~ i e s 5  
carried a. 
propargyl C-C bond and a m l d a r  p m c e s ~  (retro-ene reaction) leading to 
the proauction of allene and the apprupriate olefin. 
expcbdthat themecharu 'sm for 1,7 octadiyne decamposition w i l l  be 

on the decmpsition of the larger acetylenes have been 
'Ihe inportant reaction patinays were the brealcing of the 

On this basis it is 

1,7 & c l i p  -> propargyl + pent-4-Wl 
pent-4-ynyl -> proparwl + ethylene 

1,7 octadiyne -> all- + pent-1-4-p (PmY) 

(1) 
(2) 

(4) 
pent-4-ynYl -> C y c l O p e t l ~ l  -> ~ c l o p e n t a d i e n e ( C g H g ) + H  (3) 

'Ihe desired -&ions are (1) and (2) and it w i l l  be noted that every 
ethylene that is formed leads to the creation of t w  p w l  radicals. 
Reactions (3) and (4) are passible interfering 7. ?he consequen~e 
of (4 )  is not inpxtmt sins all that occurs is the release of two stable 
species into the system. 
lead to the formation of other radicals and to ccpnplications i n  the 
interpretation of the data. 
of a chemical inhibitor. 
w i l l  mean that the 2 to  1 relation between propargyl and ethylene w i l l  be 
violated unless it is taken into mnsideration. 

Reaction (3) releases hydrogen atcws. l h i s  can 

such effects can be eliminated through the use 
In addition, major amtributiom from this channel 

Fhm another pint of view the detection of cyclopentadiene is quite 
i n p r t a n t  since pent-4-ynyl is the result of the addition of p r o p q y l  t o  
eti-yp. h y  proctuas that are formed is inaicative of ring closing 
beamnug conpetitive w i t h  beta C-C bond cleavage leading to smaller  
m l d a r  f r a p .  It is the canpetition between these two processes that 
i s a k e y d e t e n u n a  te of wfiether scot can be f o n d  in  any particular system. 

the deccnrposition of 1,5 hexadiyne, 1-hexyne and 2,4 hexadiyne. A l l  of 
these studies are aimed a t  providing confirmation for the surmise that a 
number of the gas c h m m ~ ~ c  peaks that are observed arise from 
pmpargyl radical canbination. nis is necessary because it was not 
pss ib le  to identify specific ccmpounds w i t h  these peaks. 

have unique capabilities for determuung the stability characteristics (in 
the sense of Uninolecular deccanpositions) of volatile organics a t  high 
temperatures. W e  have used the methcd for stuiying the thenral u n i r m l d a r  
decay&tion processes of marry organic mpcurds6. mre recently, the 
-rusrs ard rate cmstarb for hydrogen-atcau attack on unsatwabzd 

tmre deterrmned ' . For these studies, the hydrogen a h w e r e  
generated thmugh the thermal deamposition of organic imle=ules i n  a m e r  
similar to the generation of pmpargyl radicds in this stvdy. 

I n  the cnurse of this work exper-ts have also been carried out on 

m i m e n t s  are carried cut in,a,single pulse shock tube. such studies 

- 
l'he details of the single pllse shock tube and the e x p r h t d  

u~ed in carrying cut exper- on the thermal -ition of 
O-CS have been described in earlier plblications. Sumarizing briefly, 
tram quantities of the organic in question, 100-1000 p ~ m ,  are deccanposed by 
the refleded shock in the presence of 1- anwnts of a ulermally stable 
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chemical inhibitor such as mesitylene. 
atcans w i l l  attack the inhibitor lmding to the formation of a less reactive, 
?X?sol?dmx stabilized species, 3,5 dim?thyWenzyl radical. In the short t h  
scale of shock tu& experimats these can only recanbine with itself and 
other long lived radicals ard therefore can not play a role in the overall 
reaction. 
detection. 'Ihe lirplt gases were  eluted isothermally using a 12 f t  Foropak 
N8 c o l m  while the heavier 
wide bore 30-meter dimethylsilo- column in the prqramnd te?peratm 
We. 
samples. 

m i s  eliminated the pmsibility of errors arising f m  uncertainties i n  the 
reaction tanperature. 'Ihe internal standard used in  these exprinr?nts w a s  
the deaanposition of 4-methylcyclohexene to form propene and butadiene. 
rate e x p m i o n  for this rev- D i e l s - A l d e r  reaction has previously been 
foundtobe 

k( 4-methylcyclohexene->propenetbutadiene) =Z~lO~~exp(-334OO/T) 

Reactive radicals such as hydrcgen 

mysis was by gas ~ t q r a p h y  using flame ionization 

frcan C, on up, were eluted using a 

A l l  products were identified on the basis of retention tunes of neat 

me exprjments were  carried out using the internal standard methcd. 

The 

The use of the inhibitor mkes impossible chain prooesses. 'Ihus the 
only deaanposition prcxxss nust be the ini t ia l  unhlecular  reactions. 
is expectd that reso- stabilized radicals such as propargyl should not 
be particularly reactive w i t h  trimethylbenzene in the t h  scale of the 
experiwts. 
are generated in  the cou~se of the inhibition reactions. mese are chain 
termiMting processes. 

It 

Of cou~se it can react w i t h  the benzylic type radicals that 

DISCUSSION 

me important pioducts bearing on deccanposition mechanisms for dilute 
quantities of 1 ,7  cctadiyne in  mesitylene and axyon are listed in Table 1. 
It is clear that the drnninating channels are the breaking of the propargylic 
C-H bond and the re- reaction leading to the formation of allene and 
pent-l-4-yne (PE4Y) .  
specific prcducts f o d ;  ethylene, cyclopentadiene, am3 P D Y  is very close 
t o  the amount of the 1,7 octadiyne that is deshuyed. 
quantities of allene and p-e were also found. 
former is due to the re- reaction. 
through a variety of other mechanisrrs. 
under certain conditions substantial quantities of propargyl radicals 
actually w i v e  the heating period and it is pmsible that propargyl 
radical my underyo a variety of other unspecified reactions. 
quantities of meta-xylene w a s  also found. 
atom, are present in the System. 
atom attack on mesitylene have k e n  determined, the total rnrmber of hydrogen 
atom released into the systan can be placed on a quantitative basis. 
c o m t r a t i o n s  found here are sanewhat larger than that w h i c h  can be 
accounted for by cyclopentadiene fomtion.  
the system w i l l  i n  fact meal its presence thnxqh the presence of meta- 
Xylene. 

It can be seen that the concentration of the 

Significant 
A large portion of the 

me excess quantities my be fonned 
N o t e  that as dismssd  subsequently, 

Small  
mis is evidence that hydrcgen 

S h  the branching ratio for hyd?xq?n 

The 

H-er, any hydrcgen atom in 

In the time range where one expects C& canpounds t o  elute d e r  the 
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present codi t ions a large rnrmber of peaks were detected. Unfortunately, it 

identification of l ~ n y  of these ccwpands. 
elution region can be f& in Figure 1. 
temperatures) one sees the init ial  formation of a plethora of pmduas. 
high comrersions and tempem- one notes increasingly the formatim of 
fulvene ard benzene as w e l l  as mller quantities of other unidentified 
pmduds. 

to the ccwbination of propargyl radicals. 
exprinwts w i t h  1,5 hewdiyne, 
In the case of 1-hexyne, where the mcharu 'sm involve formation of the 
propargyl radical, many of the same peaks that were found in the 
deaqxsi t ion of 1 , 7  cctadiyne w e r e  also present. 
hexyne-1 pick eluted at the m the as the fulvene peak. In  the case of 
1,s hemdiyne the situation is similar t o  that fourd by Stein and mrkers, 
dimethylenecylobutene is f i r s t  fo&, followed by conversion into fulvene 
and benzene. Typical chymtqrams can be found in Figure 2 .  It is 
interesting to note that  III the studies w i t h  1,7 cctadip ard 1-hexyne, 1,5 
hexadiyne could barely be detected. Nwertheless the pattern of prcxh.~cts, 
i n  these studies were very much similar to that found in  the direct 1,s 
hexadiyne decmysition. The obvious interepretation is that 1,5 hexadiyne 
is an important mtermediate. "he existence for this molecule of very low 
energy deccPnposition channels mean that a t  the high temperatures of these 
studies they are a%ncst imwdiately mnverted into the stable decconposition 
p?xducts, fulvene ard benzene. 2,4 Hexdiyne is a minor product. Its 
deccqxsition proauct was found to be chiefly benzene ard a a l l  quantity 
of fulvene. 
isamezs there must be a variety of pathways to form benzene. 
instance benzene nust be formed after various hydrogen shifts. 

propargyl radicals are generatd in this system. "he analysis of this data 
and the determimtion of the appropriate rate constants and apressions 
follow froin earlier publications. In the present case the pmpargyl C-C 
bond cleavage is -tored by the yield of ethylene and cyclopmtadiene. 
"he contribution f m  the molecular retro-ene reaction is determined from 
the yields of the pent-1-4-yne (PmY). 'Ihe rate constants can be 
related to the measured yields on the basis of the following relations 

was not pmsible to obtain the neat sanples that would lead dxectl  y t o t h e  ' 

Qpical chrmratcgrans in this  
A t  lw conversions (and 

A t  

important question is whether these peaks can actually be attributed 
The results of ancillary 

1-hexyne ard 2,4  hemdip are as follows. 

Unforhuntely the parent 

fiese results clearly establish that f m  the linear C& 
In the present 

Quantitative results can give a better picture of the rate a t  which 

k( l )= l o g ( l - X * C 2 H 4 + c y c l o p e n t a a i e n e / ( l , 7 ~ ~ l o o c t a d i y n e )  i)/XY 
k (4) = k(l) * (P1E4Y) &~H4+cy~lo~entadiene 

where X = 1 + (PlFdY)/C2H4+cyclopentadiene, t is the total heating th of 
approximately 500 micmsec. A plot of these resu~ts can be found in Figure 
1. "he rate expressions for the two initial processes are therefore 

k(1)=1.6x10l6 -(-35760/T) s-l 
and k( 4)  =5.6~lO~~q(-27860/T) s - ~  

It should be noted that the reaction tanperature is calculated on the basis 
of the yields frc6n 4-mthylcyclohexene deccnnposition ard is derived 
f r o m  the relation = (log k ( 4 - m e ~ l y i c y c i a i , 3 m d i e n e ) -  
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-)/E, Where the A and E are rate mt.e.rS for 4-mthyl~~lohexene 
deccanposition clecanposition given Barlier. 

hexyne deccpnposition. 
It is interesting to capre these rate expressions w i t h  that for 1- 

“he rate expressions are 

k(hexyne-l=prqagy + n-prqyl)4x1015ekp(-36300/T)s-1 an3 
k(heXyne-ld~enerC3&j)=5XlO exp(-28400/T) S-’. 

A t  the reaction temperature the differences in rate constants are factors of 
3.3 and 1.8 respectively. For the la t ter  this is very close to the reaction 
pathway degeneracy. 
rate constant for 1,7 rxtadiyne dearmposition is a f a d o r  of 1.7 lum than 
would be dictated by the two pmpargyl bond. 
would 
cannot be ccnnpletely justified i n  tenns of the unoertainties in deriving the 
rate q r e s s i o n .  
position has a larger than apcted effect on rate constants for bond 
cleavage. 

lhe ratio of cyclopentadiene t o  ethylene yields a measure of the 

On the other hand for the bond breaking the 

Fmn the rate expressions, it 
that this is an activation energy effect, althovgh this claim 

It a m  that propargyl substitution in the beta 

Studying octyne-1 deccwposition w i l l  be very worthwhile. 

branching ratio for pent-4-ynyl decanposition. 
ratio can be found in Figure 2. 

An m e n i u s  plot of this 
‘Ihe rate expression is 

In the temperature range of these experiments th i s  is equivalent to 25% 
cyclization a t  the lowest temperatures and decreasing to 10% a t  the uther 
extreme. Cyclization is thus favored a t  the 1- t a p r a t u r s  and the 
activation energy for cyclization is a b u t  50 W/ml smaller than that for 
beta C-C bond fission. T h i s  is a surprisingly large mnnter since w i t h  an 
estimated activation energy for C< bond fission of about 120 M/ml w i l l  
lead to an activation energy for cyclization in the 80 kJ/m1 range. 
It is also possible that this process is not kinetically controlled and that 
the ratio given above is a reflection of the equilibrium properties of the 
cyclic and 1- radicals. 
present purposes it is clear that optimum yields of proparqyl radicals w i l l  
be acheived a t  the highest temperatures. 
cleavage w i l l  be equally important. 

temporal history of pmpargyl in the present system. Using a rate 
expression for p r q a g y l  d i m t i o n  similar to that for auyig, it was 
found that a t  lower concentrations, 200 ppn level and 2 a- pressure, a 
large portion of the radical remain UNeaCted d u r i q  the entire heatirq 
period ard much of the prcducts are thus presunnbly formed a t  samewhat lower 
temperatures. 
7 a b .  mxanbination is substantially capleted in during the heating 
period. Despite this difference the ChrmMtCgrans are suhstantialfy 
similar. In addition, recc~ery in the form of the.c& cconpounds i s  no mre 
than 50% of all  the propargyls that are released into the system. 
again the results appear to be irdeperdent of the amcmtration of radicals 
released into the system. Ihe former my be a reflection of the lcu energy 
pathways available for decanposition and the formtion of hot mlecvles from 

obviously further w r k  is required. For the 

A t  900 K cyclization and beta bond 

With this data there is nm sufficient informtion to deduce the 

On the other hand for the higher concentrations 1000 ppn and 

Here 

I ’  
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propargyl reambination. hoparsyl radicals can of colllse also be renwed 
froin the systan by Ocmbinaticm w i t h  3,s  dimethylbenzyl and methyl radicals. 
These pathways cannot a-t for a l l  the deficit. 

me ets are in general confirrcatory of the observations of stein et 
a1 
d z  and that of Hmann and Alkenwle regarding the wide wiety of 

suggest m y  more peaks than the la t ter  reported. 
accamt for the failure of Auremade and H m  to find tw~ of the 
decaps i t ion  prulucts of 1,5 hexadiyne pyrolysis, 
and fulvene. 
is quite stable as the temperature is increased . 
reprtd retention t- of Alkemade and H m  the 1,3 hexadiyw-5 and 
fulvene peaks may actually be coincident. 

the nature of the decanposition pmduas of 1,5 hexadiyne 

llnear c&j cfmpmds that can be fmn&. meed the present results 
It is difficult to 

dimethylemxyclohtene 
~s is particularly serious for  N v e m  since it apprently 

It is pmsible from the 

A system for the mntrolled release of pmparwl radicals have nu,? been 
described. The next step in this work mst be studies where the pmparwl 
radicals are allowed t o  react w i t h  other unsaturated cmpxnds or radicals 
that m y  be present in high temperature reactive systems. A major problan 
in so f a r  as single pulse shock tube studies are concerned is that the 
reaction time is very short and i f  truely quantitative results ~ J X  to be 
obtained Conoentration of propargyl or reactants nust be maintaind a t  a 
sufficiently hi* level so that all the reactions OCCUT during the heating 
period. with such a scenario, measurements of the concentration of one of 
the direct proparqyl combination pnducts, for  -le, benzene, and the 
prcduct of addition or  ambination with amther species can nu,? be used as a 
means of determining relative rate constants. ' Ibis can lead to a scale of 
pmpafsyl reactivities and predictions rqarduq ' thequantityand 
distribution of the anmatic prulucts formed i n  hi@ temperature pyrolytic 
systems. 
assess?aent of the actual importance of pmpargyl radical in soot forming 
systens. 

Omparison with actual measurements w i l l  then lead to an 
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Figurel. ~ i c a l c h m M t o g r a n s i n  
the c6 region fmn 1,7 Cctadiyne 
d-ition. &ab 1,6-8 were not 
identified. (2 )= l ,%exd ip  (3)= 
d b n e t h y l ~ c l ~  (4) =fulvene 
( 5 ) = k m e n e .  ArraJ points to him 
temperature. 

2 

Figure 2. WiCal c h r t m 3 . m  
in the (26 region f m  
1,5 hexadiyne decanposition 
(2)=1,5hewdiyne, (3)= 
~ t h y l e n e c y c l ~  (4) = 
fulvene, (5)=&nzene.AT3xw 
pints to highex tempemture. 
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Figure 3. Arrhenius 
plots for  the 
decomp3sition of 
1,7 mtadiyne. 
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Table 1. 
Decomposition in the presence of Dccesses of Mesitylene 

Reactant and m-cduct Distribution formed f m  1 , 7  Cctadiyne 

coipmxk (%oonversion) 
Temp. Pressure C2H4 Allene F'rupyne PlE4Y C5Hg 1,7& 

a. 200 ppm 1 , 7  cctadiyne i n  0.5% Mesitylene and Argon 

1080 1.8 1.1 .9 .7 .2 100 
1101 2.1 6 .1  4.3 .6 4.1 1.5 87 
1131 1.8 13.7 8.2 1.3 6.7 2 .5  72 
1150 1.9 21.9 11.1 10 .1  4.9 52 
1166 2.2 31.0 1 5 . 4  4.7 10.8 5.5 44 

b. 1000 pyan 1 ,7  octadiyne and 1.0% Mesitylene and -on 

1034 1.8 .8 .8 .1 .8 .3 92 
1101 2.1 6.1 4.3 .6 3.9 1.3 75 
1141 6.2 17.7 10.5 3.0 8.8 3.7 65 
1183 6.7 43.1 19.3 7.4 11.8 7.4 27 

( a b )  
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INTRODUCTION 

Several reports have appeared which describe. the reactions of C3H3 and the subsequent 

formation of benzene. These investigations have been conducted using a variety of experimental 

techniques and precursor compounds to form propargyl radicals: allene,’ 1.2 butadiene’ (shock 
tube); 1,5 hexadiyne3 (flow reactors); ethyla~etylene~ (microjet reactor); rich acetylene 

C3H3Cl 01 qH,Br + Na’ (flow reactor); allene and propyne* (shock tubes). Although there is 

general a p m e n t  that the reaction of 2 q H 3  ---> C6H, is an efficient mute to benzene, there 

are several GH, isomers such as bisallene, 3.4 dimethylenecyclobutene, and fulvene that have 

been proposed to participate in the sequence of reactions that precede benzene formation’ and 

consensus is lacking on the details of the conversion. 

Furthermore, reactions of q H 3  with allene and propyne have been proposed’ as routes 

to benzene via the sequence q H 3  + GH4 ---> C6H7 ---> C& + H. The single pulse shock tube 

results of Hidaka et al. indicate that benzene yields are greater in the pyrolysis of allene 

compared to those recorded from a mixture containing an equivalent amount of propyne.8 

There has been considerable effort expended on the allene * propyne isomerization by 

experimentalists and theoreticians which is described in a recent review.” The energetics of 

various intermediates involved in the isomerization such as trans-vinylmethylene, cyclopropene, 

and propenylidene have been calculated and the highest energy barrier, 65.8 kcal/mol, 

identified” 

The object of this work is to examine the reactions of two possible precursors for C,H3, 

propargyl chloride and 1.5 hexadiyne, and to study the reactions of q H 3  with itself and with 

allene (%%A) and propyne (C3H4P) with particular emphasis on the formation of benzene. This 

latter point is important since a correlation between benzene production and soot yield has been 

prOposeb’2 
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EXPERIMENTAL 

A shock tube coupled to a time-of-flight (TOF) mass spectrometer is employed to analyze 

dynamically the reflected shock mne containing various mixtures of gases. The apparatus and 

experimental procedures have been described recently." The mixture compositions and reaction 

conditions are listed in Table 1. 

The sources of reactants are as follows: qH3CI (Aldrich, 98%); C3H4A (Matheson, 93%); 

q H 4 P  parchan); 1 3  c6% (Alpha); D, (Matheson, 99.5%); H, (Linde, 98.5%); Ne (Matheson, 

99.999%). Ionization was achieved by 32 eV electron bombardment. The mass spectral range 

covers d e  12 - 120. Peak heights were converted to concentrations using calibration plots 

obtained under no-reaction temperatures. The following mixtures diluted with neon were prepared 

for the calibration of the corresponding species: 3% qH3Ck 3% C3H4A; 3% C3H4P; 2% 1.5 

c&$ 3.2% %H2; 2% HCI; 2% C4H2; 2% C6H6; and 3% CH,. The mass spectral factor for 

c& was obtained from previous work in which a carbon atom balance procedure was 

employed.'3 

RESULTS AND DISCUSSION 

Mixtures A. B. and C 3% C3H3CI decomposes readily at temperatures above 1400 K. Major 

products are qH, ,  HCI, and C4H2 which were observed to form at the same reaction time. The 

amount of HCI formed is equal to the amount of dissociation of propargyl chloride, indicating 

that C1 atom is balanced. However, carbon atom balance is only 60 - 80%. Concentration plots 

for 3% qH,CI pyrolysis at 1411 K are shown in Figures 1 - 4. Solid lines represent model 

calculations using the mechanism listed in Table 2. The qH3C1 mass spectral cracking pattern 

displays a substantial peak at d e  39 (qH3+). At late reaction times, d e  39 disappears but m/e 

74 remains, indicating the formation of C6H2 

Benzene was not recorded in the thermal decomposition of 3% C,H3Cl. However, upon 

addition of 5% $ (mixture B), benzene was detected. The major producu dismbution and the 

carbon balance are the same as in the decomposition of 3% qH,Ck C1 atoms are balanced. The 

results from 3%qH3C1 - 5% D, (mixture D) are interesting. HCI and DCI are formed almost at 

the same time; the temporal HCWDCl ratio is - 5. The following two parallel initation reactions 

are proposed to account for the experimental results: 

qH3Cl  ---> c3H3 + C1 (17%) (1) 

---> q H z  + HC1 (83%) (2) 
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Mixtures D and E: Compared to the pyrolysis of 3% qH,Cl, 1,s hexadiyne decomposes at 

relatively higher temperatures. The major products are qH,, C&, and C6Hz Carbon balance 

for 2% 1.5 C& pyrolysis is 75 - 80% in the temperature range 1657 - 1800 K. Adding 5% H, 

does not change the product distribution but results in 100% carbon balance due to the increased 

amount of observable products. Benzene production was difficult to determine here due to the 

overlap of the parent molecule and benzene. 

Mixtures F and G: The TOF results for a 4.3% allene mixture are published in ref. 1. We 

employed 3% allene or propyne mixtures here in order to maintain the same carbon atom 

concentrations as most other mixtures in Table 1 and to compare the respective benzene yields. 

3% allene and 3% propyne mixtures were shocked at the same experimental conditions to 

determine if there are any kinetic differences as claimed in the single pulse shock tube work8 

Benzene is formed in amounts of 2.3 - 3.2 x lo-’ mol/cm3, about the same levels as in mixtms 

H and I. CH4 is a minor product. The carbon atom balance is -90%. The reaction profiles were 

modeled by the mechanism of ref. 1. Figures 5 - 8 show 3% propyne decomposition at 1770 K. 

Examining the C+H4 and the product concentrations, it is concluded that there are little or no 
observable differences between these two isomers at high temperatures which confirms that the 

isomerization reaction is faster than the decomposition. 

Mixtures H and I: There are no significant differences in comparing the reaction profiles for 

these two mixtures. Benzene appears in amounts of 2.5 x lo-’ to 4.0 x 10.’ m ~ l / c m - ~  for the 

temperature range 1325 - 1735 K. Major products are %H2, C4H2, HC1. Comparison of the 

respective profiles reveals that proparm1 chloride decomposes much faster than allene or propyne. 

The qH,CI profile is obtained by C1 atom balancing, since its mass spectral sensitivity is low 

and interference from C&12 at high temperatures is severe. The reaction profiles for mixtures H 

and I at 1458 and 1492 K are displayed h Figures 9 - 16. 
The mechanism in Table 2 is composed of the previous allene mechanism’ and reactions 

of propargyl chloride. Benzene appears at lower temperatures in H and I compared to F and G 

and is formd mainly from the overall net reaction 

q% + C3H4 ----> [2 q H 3 ]  ---> c6€$ 

Benzene production predicted by the model is about 4 times higher than the experlmental data 
as shown in Figures 12 and 16. The carbon atom balance for the two m i x t m s  are about 70% at 

- 1450 K. This carbon deficiency is due to the formation of high molecular weight polyammatic 



hydrocarbons (PAH) and solid carbon; these steps are not included in our mechanism. The model 

describes reasonably well the observable species except for benzene. The overall reactions (3) 

and (4) are highly exothermic. It is likely that benzene or its isomers, some of which are highly 

reactive, are apparently consumed in a series of reactions leading to PAH and soot. The 

mechanism is tentative; extensive &ling of the experimental data is ongoing. 

Mixtures J and K $3, C4Hz, and C6Hz are the detectable products. Reaction profiles and 

product distributions are the same as for mixtures J and K at similar reaction conditions. Carbon 

balance is around 70%. Information relevant to benzene formation is obscured due to the overlap 

of the parent peak. 

CONCLUSIONS 

The main decomposition channel for propargyl chloride pyrolysis is through the 

elimination of HC1 to form qH,. q H 2  plays an important role in producing benzene in reactions 

with allene or propyne. Benzene is not observed in the pyrolysis of C,H,Cl but it is formed 

readily in mixtures of qH3Cl  and allene M propyne. 
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Table 1: Summary of Experimental Conditions 

0 

i Mixture Composition Ts. K Ps. a m  

I 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

K 

3% CJH3CI 

3% C3H3Cl - 5% H2 

3% C3H3Cl - 5% D2 

2% 1,5 C& 

2% 1.5 C6H, - 5% H, 

3% C3H4A 

3% q H 4 P  

1.5% C3H3CI - 1.5% C3H4A 

1.5% C3H3CI - 1.5% C3H4P 

1.5% 1.5 (26% - 1.5% q H 4 A  

1.5% 1.5 C,& - 1.5% q H 4 P  

1411 - 1608 

1394 - 1633 

1364 - 1616 

1530 - 1800 

1367 - 1827 

1564 - 2136 

1549 - 2131 

1295 - 1698 

1304 - 1793 

1316 - 1931 

1438 - 1823 

0.24 - 0.29 

0.24 - 0.31 

0.23 - 0.31 

0.28 - 0.37 

0.24 - 0.39 

0.27 - 0.45 

0.27 - 0.44 

0.20 - 0.32 

0.20 - 0.35 

0.22 - 0.43 

0.26 - 0.39 
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Table 2. Reaction Mechanism 

Reactions A E 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 

1.0E13 
5.0E13 
4.0E11 
4.0Ell 
1.7E13 
1.7E13 
2.0E13 
2.OE13 
8.3E13 
2.0E13 
1.0E17 
1.0E17 
2.0E13 
2.OE13 
4.2E16 
1.0E12 
1.0E12 
1.0E13 
1.0E13 
2.0E12 
2.0E12 
1.0E13 
2.0E13 
5.0E12 
2.2E11 
6.0E13 
3.0E11 
5.0E11 

65.5 
65.5 
0.0 
0.0 
15.0 
15.0 
8.5 
8.5 
5.5 
62.0 
70.0 
70.0 
2.4 
2.4 
100 
1.5 
1.5 
0.0 
0.0 
7.7 
7.7 
37.5 
0.0 
0.0 
2.0 
0.0 
0.0 
0.0 

Units an: cm3. mol, sec, kcal. Reactions 10 - 28 taken from ref. 1. 
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FIGURE 1 

3% C,H,CI T = 141 1 K 

FIGURE 2 

3% C,H,CI T = 141 1 K 
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FIGURE 7 

3% C,H4P T = 1770 K 
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FIGURE 9 

1.5% C,H,CI - 1.5% C,H3A T = 1458 K 

FIGURE 10 

1.5% C,H,CI - 1.5% C,H4A T = 1458 K 
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FIGURE 11 FIGURE 12 

1.5% C,H3CI - 1.5% C3H4A T = 1458 K 1.5% C3H3CI - 1.5% C,H4A T = 1458 K 

1431 



FIGURE 13 FIGURE 14 

1.5% C3H3CI - 1.5% C3H4P T 1492 K 1.5% C3H,CI - 1.5% C3H,P T = 1492 K 
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1 

FIGURE 15 

1.5% C3H3CI - 1.5% C3H4P T = 1492 K 

P) 
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E 
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FIGURE 16 

1 5% C3H3CI - 1.5% C,H4P T = 1492 K 
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Benzene Formation during Allene Pyrolysis: 
Possible Implications for Soot Formation 

L. D. Pfefferle, J. Boyle, and G. Bermudez 
Department of Chemical Engineering, Yale University 

New Haven, CT 06520-2159YS 

Introduction 

Pyrolysis of allene in a microjet reactor at millisecond reaction times was used to 
study higher hydrocarbon growth processes from C3 hydrocarbon species. Species 
detection was carried out using VUV photoionization mass spectrometry. The first 
product observed as temperature was increased at a fixed mean residence time was mass 
80 followed by smaller than parent mass pyrolysis products, mass 79 and a possible allene 
trimer at mass 120. A mechanism for higher hydrocarbon formation in the pyrolysis of 
allene is proposed. Allene dimerization to a dimethylenecyclobutane is proposed as the 
initial higher hydrocarbon production mechanism during allene pyrolysis and this route 
is examined for thermodynamic plausibility. 

Background 

It has become increasingly apparent in the past several years that C3 routes for soot 
formation in flames can be important under some if not many conditions. In several 
recent studies of fuel pyrolysis and combustion where both stable and labile product 
measurements were made (la,b,2), C4/C2 routes for benzene production were determined 
to be not fast enough to account for observed benzene production for some of the fuels 
used, especially those of C2 and C3 hydrocarbons. Westmoreland (lb) has recently made a 
reaction pathway study of C3H3 dimerization to benzene using a QRRK analysis and 
concluded that this route could in fact be fast enough to account for observed benzene 
production rates in several test flames including acetylene and ethylene. 

Allene dimerization to dimethylenecyclobutane isomers has been observed at high 
conversion in several early flow reactor pyrolysis studies (e. g. 3,4). In one study (3), 
primarily the 1,2-dimetheyenecyclobutane isomer (1,2 DMCB) was produced at about 50% 
yield by passing allene over quartz chips at BOOK with a 6s mean residence time. The 
reactor geometry used, however, did not preclude the possibility of significant surface 
effects on the rate of dimethylenecyclobutane production and a run with an empty tube 
reactor gave somewhat lower conversion but the same product distribution. In the 
current study, mass 80 was the first product detected and the detection of mass 120 (a 
possible allene trimer) at slightly higher temperatures is consistent with allene 
dimerization to dimethylenecyclobutane as the initial pathway for higher hydrocarbon 
formation. Although the DMCB isomers are likely the first mass 80 species formed, at 
higher temperatures (over 1300K) the predominant mass 80 component is likely 
hexadienes. The reaction pathways for formation of the various mass 80 isomers is the 
focus of our continuing modeling work. This study investigates the 
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feasibility of the DMCB production through allene dimerization and how it can 
contribute to early higher hydrocarbon production during allene pyrolysis. It 
should be noted that from our previous work (2) methyl acetylene pyrolysis when 
carried out at temperatures and reaction times where isomerization to allene was 
not significant did not result in either significant mass 80 production or benzene 
production. This is consistent with mass 80 formation through allene 
dimerization. 

Exwrimental Procedure 

Allene pyrolysis was carried out in a microjet reactor source, described in 
detail earlier (5). This is a miniature fast-flow reactor coupled directly to a sonic 
nozzle with a volume of approximately 3.2 x lo-' m3. The reactor geometry consists 
of an alumina multibore thermocouple insulator tube inserted into a larger 
alumina tube with a sapphire nozzle (50-200 mm). The inner tube is positioned to 
leave a reaction chamber 1 mm in length. Reactants (pure allene or allene/Ar in 
this study) are introduced to the pyrolysis zone through the center-most hole in the 
inner alumina tube (0.4 mm ID) at rates varying from 0.1 - 1.0 scan. The reaction 
zone is resistively heated and temperature within the reactor zone has been 
calibrated using thermocouples. Thermocouples were not used continuously 
during experiments due to the catalytic oxidation/pyrolysis observed on the 
platinum/rhodium wires. Pressure within the microjet reactor was maintained at 
600 * 20 torr. Under the stated operating conditions, wall reactions were not 
observed to significantly affect product distributions. Significantly lowering the 
pressure (by a factor of >lo), however, leads to greater aromatic abundance at lower 
temperatures. 

A schematic of the VUV photoionization mass spectrometer (VUV-MS) and 
microjet reactor assembly is illustrated in Figure 1. The TOF-MS is equipped'with 
Wiley-McLaren type acceleration for higher resolution and an ion reflectron to 
compensate for initial ion energy spread, to provide a longer effective flight length 
(1 meter) and to prevent the considerable quantities of neutral polymeric 
hydrocarbons produced from reaching the detector. Mass signals are displayed in 
real time and recorded directly onto a digital storage oscilloscope which is 
interfaced with a PC for data analysis. The mass resolution for the experiments 
described herein was measured as 325 at 78 amu. 

VUV photons were generated by the non-linear optical mixing technique of 
third harmonic generation in Xe. A frequency tripled Nd:YAG laser (Quanta Ray 
DCR-11 system) operating at 10 Hz was focused into a Xenon cell with a 30 an path 
length at 26 torr. The signal from CgHg+ produced by single-photon ionization of 
C& from a 300 K fixed flow microjet expansion was used to monitor relative UV 
to W V  conversion efficiency. Optimum efficiency was found at approximately 30 
mJ of energy in a 8 ns pulse at 354.6 nm, corresponding to a peak power of 
approximately 3.75 x 106 W. 

for many five carbon hydrocarbons and larger, since these compounds have 
ionization potentials (IPS) of one to two eV below the photon energy (1182 A = 

Ionization efficiencies at 118 nm are relatively constant (+/- 35%) and high 
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10.49 eV). Therefore the simultaneously-obtained peak ratios are good 
approximations of relative concentration. However for smaller hydrocarbons with 
ionization potentials lying closer to the single photon energy, absorption cross 
sections and ionization efficiencies vary considerably. Consequently, these species 
must be calibrated individually. Detection efficiencies of the various molecular 
hydrocarbons must likewise be considered to obtain quantitative data. These 
calibration issues have been presented in an earlier publication (5) and are 
discussed in detail in the PhD thesis of J. Boyle (6). 

identity of structural isomers can only be inferred from arguments of internal 
consistency or knowledge of kinetic mechanisms and rate constants. 

Exuerimental Results and Discussion 

An overview of the relative concentrations of higher than reactant mass 
hydrocarbons detected at 2ms mean reaction time is given in Table 1. As 
temperature was increased from 300K to 1200K at 2ms mean residence time, the 
first reaction product observed was mass 80 followed at slightly higher 
temperatures by reaction products smaller than the parent mass such as ethylene. 
Flow reactor results also indicate methane and hydrogen in significant quantities, 
although those products were not directly measured in this study due to their high 
ionization potentials (methane was indirectly measurable through its 
fragmentation product methyl radical). At 1320K mass 79 was detected above ppm 
levels and was observed to reach significant steady state concentrations prior to the 
appearance of mass 78. Benson and Shaw (7a,b) studied the pyrolysis of 1,3 and 1.4- 
hexadiene at low pressure and temperatures from 520 - 84OK. These investigators 
found that while benzene production froml,4hexadiene proceeds through 
molecular elimination of hydrogen, the mechanism for benzene formation from 
1 3  hexadiene proceeds via a chain mechanism involving hydrogen atoms, 
hexadienyl radicals and cydohexenyl-3 radicals. The rate constant data reported is 
consistent with our mass 79 and benzene formation rates assuming our 
experimentally measured mass 80 concentration at 1450K contains a significant 
component of 19hexadiene. This analysis suggests that a possible pathway for 
early benzene production during allene pyrolysis involves conversion of 1,2 
dimethylenecyclobutane formed through allene dimerization to l,%cyclohexadiene 
as temperature is increased followed by a higher activation energy, slower 
conversion of cyclohexadiene to benzene through the cyclohexadienyl radical. 

with 6 or more carbons were detected including mass 78, with the largest 
contributions initially coming from masses 91/92,94,106,116-118,120,144 and 158. 
Mass 120 was possibly formed through reaction of a DMCB component of mass 80 
with allene as noted in early work on the thermal polymerization of allene. Note 
that the mass 120 abundance decraeses somewhat with temperature above 1515K. 
Mass 120 and 160, which are possible allene trimers and tetramers, were not seen in 
ethylacetylene pyrolysis but are present at significant levels in this study. At 1450K, 
mass 120 was observed in the next largest abundance to masses 80 and 79. This is 
another indication of allene dimer formation in this system. The mechanism 

In our detection scheme only the molecular masses are detected, and the 

As temperature was increased above 1450K a broad range of hydrocarbons 
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illustrated below was reported for allene dimer and trimer formation by Weinstein 
et al. who identified the structural isomers using NMR. 

At higher temperatures and allene conversions, these species are converted 
through reactions with smaller hydrocarbons and hydrocarbon radicals such as 
C2H. The early appearance of mass 144 suggests such a route. 

Allene dimerization 

Thermodynamic parameters for both 1,2 DMCB and 1,3 DMCB were 
estimated using the THERM program(9) and compared with experimental values 
where available. For 1,2 DMCB, the DHfm = 47.3 kcal/mol (calculated) and 48 
kcal/mol (measured) and for 1,3 DMCB, the D H h  = 51 kcal/mol (calculated) and 
53.3 kcal/mol (measured). These values are in good agreement (2-3kcal/mol lower) 
with the values calculated by Kovacevic and coworkers (10) using the maximum 
overlap method. These investigators also reported the experimental and calculated 
strain energy for 13 DMCB. From this data, equilibrium constants for the reactions 
2Allene + 1,2 DMCB and Mllene + 13 DMCB were calculated and are presented 
in Figure 2. The equilibrium constants for both reactions are greater than one at 
1200 K. The rate of allene dimerization rate to 1,ZDMCB is pressure dependent and 
approximately 43.8 Kcal/mol exothermic. 

Conclusion 

A microjet reactor coupled to vacuum-UV photoionization was used to 
study the formation of higher hydrocarbons during the pyrolysis of allene. By use 
of this technique, a progression of intermediate species profiles including 
hydrocarbon radicals were obtained as a function of temperature at millisecond 
reaction times. Mass 80 was the first product species observed as temperature was 
increased which is consistent with early flow reactor studies of allene pyrolysis 
leading to the formation of predominantly the 1,2 isomer of 
dimethylenecyclobutane. 

Our current work involves an analysis of a proposed mechanistic pathway 
for conversion allene to 1,2 dimethylenecyclobutane and subsequently to benzene 
and other higher hydrocarbons. A possible pathway for early benzene production 
during allene pyrolysis involves allene dimerization to 1,2 dimethylenecyclo- 

‘ I  

‘ I  
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butane followed by a multistep mechanism converting 1,Z-DMCB to 19-hexadiene 
which goes through a higher activation energy, slower conversion mechanism to 
benzene through the cyclohexadienyl radical. A kinetic analysis using rate data for 13- 
cyclohexadiene to benzene conversion obtained by earlier investigators (7) shows that 
this route could account for the initial rate of mass 78 production observed 
experimentally. The higher hydrocarbon product distribution observed in particular 
the early formation of mass 120 supports the proposed allene dimerization to 1,2- 
DMCB. Future work will include resolution of mass 80 isomers to aid in the reaction 
pathway analysis. Data from earlier flow reactor studies can not be used to resolve 
these issues because of the intrusion of surface effects. 
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Table 1 

RELATIVE CONCENTRATIONS OF PRODUCT SPECIES 
DURING THE PYROLYSIS OF ALLENE 2ms, 600 Torr. 

TEMPERATURE (K) 
MOLECULAR 
WEIGHT 

5 2  
54  
5 6  
6 6  
6 7  
6 8  
7 8  
7 9  
8 0  
9 1  
9 2  
9 3  
9 4  

104 
105 
106 
116 
117 
118 
120 
128 
130 
142 
144 
154 
156 
158 
160 
166 
168 
170 
178 
180 

1280 

.. .. .. .. 
f f  .. 

2.4 

1320 

.. .. 

.* 

.(I .. .. 
1.5 

5 

1450 1515 1545 

4.7 4.7 7 
5.9 29 23 
8.2 40 56 

3.9 4.3 
4.0 3.9 3.5 

4.3 4.3 
3.1 23 31 
17 30 35 
25 43 50.5 
2.3 2 3.5 

22 35 
6 

3.1 

3.9 14 15 
_-- 2.7 6.3 

5.5 5.5 
2.4 12.5 12 

5.9 9.5 
-__ 4.7 7.5 

9.8 14 
7.8 20.5 18 

6.2 
10.5 

9 14.5 
2.7 7 13 

2 
7 15 

3.5 6.3 10.5 
10 5 

5 

.* 

f. 

_ _ _  

5 
1 

4.3 

1580 

12 
40 
39 
6 

3.5 
5 

47.5 
43.5 

52 
5.5 
30 
9.8 

19.6 
8.6 
8.5 
22 

11.3 
14 
23 
19 
10 
14 
17 

14.5 
4 

21 
12 
5 
6 

8.5 
10 
3 

10 

Species present in 0-1 unit 
** Species present in 1-2 units 
Note: Only those hydrocarbon radical species with comparable concentration to the 
stable analog were included in this table. 
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\ Microjet Reactor Experiment 

Figure 1: Schematic of the VUV Photoionization Mass Spectrometer and i 
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Figure 2: Equilibrium Constants for the Dimerization of Allene to the 
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THE FORMATION OF BENZENE 
IN 

FLAMES 

James A. Miller and Carl F. Melius 
Sandia National Laboratories 
Livermore, CA 94551 -0969 

lntroductioa 

The mechanism by which aromatic compounds are formed in flames of aliphatic fuels is currently 
a "hot topic" in combustion. This interest stems from the importance of small aromatic 
compounds in the formation of PAH @olycyclic aromatic hydrocarbons) and scat (undesirable 
by-products) in combustion processes. The formation of the "first ring" is a key step in such 
processes and may well be rate. limiting. The identification of the elementary reactions leading 
to the first aromatic compound consequently is of paramount importance. 

Perhaps the two most cited reactions leading to cyclization (i.e., ring formation) are the 
reactions, 

n - C4H5 + c 2  H2 e CgHg + H 
and n - C4H3 + C2 H2 e C@5, 

where CgHg is benzene and CgH5 is phenyl. Unfortunately, both n-C4H3 and n-CqHg have 
isomers, i-C4H3 and i-CqH5. that are more stable than they are, and distinguishing between 
the isomers on a mass spectrometer (the diagnostic tool in most flame experiments) is 
impossible. Consequently, to determine the extent to which these reactions occur in a flame 
requires a thorough understanding of the "pre-cyclization" chemistry. In fact, a thorough 
understanding of the pre-cyclization chemistry is essential in determining what the cyclization 
steps are in any event. 

In the present paper, we review the mechanism we have proposed previously(1,2)-for the 
formation of C3 and C4 hydrocarbons in rich acetylene flames. In doing this we compare the 
predictions of our kinetic model with the experimental results of Bastin, et al.(3) and 
Westmoreland,(4) in lightly sooting C2HdOdAr flames. In addition, we discuss the 
implausibility of reactions (R191) and (R190) (reaction numbers refer to the table in Ref. 1) as 
primary cyclization steps in such flames. We show that the reaction between two propargyl 
radicals, 

C3H3 + C3H3 e CgH5 + H (RA) 
or C3H3 + C3H3 - CfjHfj, (RB) 

is a much better candidate for forming the first ring. This leads us to perfom extensive BAC- 
h@4 calculations on this reation and to interpret the extensive amount of low-temperature 
pyrolysis data on non-aromatic C@g compounds in terms of this potential. 

FLAME CALCULATIONS, CHEMICAL KINETICS, AND THERMODYNAMICS 

The flame calculations discussed in this paper were performed in the same manner as desLibed 
previously,(1*2) using the Sandia flame code.(5*6) Thermodynamic data come primarily from 
the Chemkin thermodynamic data base,(7) supplemented by BAC-MP4 results for some key 
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C3 and Q species. These species have subsequently been added to the Chemkin data base. 
The reaction mechanism is the same as that described in Refs. 1 and 2. This mechanism 
utilizes the rate coefficient expressions given by Westmoreland for reactions (R190) and 
(R191). 

THE FORMATION OF C3 AND Q HYDROCARBONS 

Even in sooting acetylene flames the dominant C2H2 removal step is the two - channel 
reaction, 

Cfl2 + 0 HCCO + H (R100) 
C2H2 + 0 e 3CH2 + CO. W99) 

In rich flames, the ketyl formed in reaction (R100) reacts primarily with hydrogen atoms to form 
lCH2, 

H + HCCO CI lCH2 + CO. (R126) 
The presence of k H 2  in these flames has important consequences for the formation mechanism 
of C3 and hydrocarbons. 

Singlet methylene, lCH2, inserts rapidly into acetylene, forming propargyl and a hydrogen atom, 
lCH2 + C2H2 e C3H3 + H. (R143) 

Reaction (R143) is the primary source of propargyl, which is principally consumed by reaction 
with H-atoms. Vinyl acetylene (C4H4) and C4H3 are formed by the reactions. 

3CH2 + C3H3 w o(Hq + H  
C& + H a i - C4H3 + H2 

and cqH4 + H e n - C4H3 + H2 

(R171) 
(184) 

(R175) 

Diacetylene, C4H2, comes from 

i - C4H3+ H t) C4H2+ H2, (R182) 

as well as the sequence 

OH + C2H2 o C 2 H  + H20 
C2H + C2H2 e C4H2 + H. 

(R111) 
(R 124) 

Butadiene and the butadienyl radical, C4Hg and C a s .  are formed from ICH2 by circuitous 
routes through ethylene and vinyl, 

lCH2 + H20 @ CH3+ OH (R141) 
(R140) and lCH2 + H2 e CH3+ H. 

Reactions (R140) and (R141) are the most important sources of methyl in these flames. There 
then follows the reaction sequence leading to C4H6 and C4H5 

3CH2 + CH3 o C2Hq + H (R95) 
‘i C2H4 + H e C2H3 + H2 (R92) 

C2H3+ C2H3 t) i - Q H 5  + H (R109) 
c f l 3 +  c f l 4  w 6 +  H (R208) 

and C & 6 + H o i -  W S + H 2  ( ~ 2 1 0 )  

J 
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Figures 1 and 2 show comparisons of our model predictions with the experiments of 
Westmoreland for C3H3 and with those of Bastin et al. for -3 and W 5 .  Many other 
comparisons are shown in Refs. 1 and 2. 

FORMATION OF BENZENE 

In the reaction mechanism of Ref. 1, there are only two ways to form benzene, 

n- W 3  + C2H2 * W 5 ,  

n- W 5  + C2H2 0 -6 + H. 

(R191) 
followed by phenyl either adding or abstracting a hydrogen atom, and 

(R190) 

Because of the low levels of both isomers of cqH5 in the flame, neither (R190) nor its i-CqH5 
counterpart is ever an effective route to benzene formation in our model. Consequently, all the 
benzene formed is through phenyl. In competition for phenyl with reactions that produce 
benzene are the oxidative paths. 

c , 5 ~ 5 + 0 2  0 c g ~ 5 0 + 0  (R198) 
and C @ I ~ + O H O C @ ~ O + H  (R197) 

In order to be conservative about eliminating reactions as possible sources for benzene, we 
have in some cases added the CfjH6 and CgH5O predictions to compare with the experimental 
benzene profiles 

Figure 3 shows comparisons of model predictions with the experimental results for benzene 
from Bastin, et al.(3). The basic model is unable to predict the benzene concentrations 
measured in the flame primarily because of the reactions, 

n - C4H3 + H a i - Q H 3  + H (R177) 
and n - C q H g + H a i - C q H g + H  01213) 

which render the n-isomers very small fractions the total radical concentrations in the flame. 
Even increasing k198 and k197 by a factor of ten (an unreasonable increase) does not result in 
sufficient benzene levels. Neither does including reactions of i - QH3 and i - C4H5 with 
acetylene to form benzene. The fact that case (d) in Fig. 3 comes close to the experiment really 
implies that all the QH3 would have to be the i-isomer to predict the benzene levels observed. 

From Fig. 3 one can see that only the reactions, 

C3H2 + C3H3 9 m5 
and C3H3 + C3H3 a cgH5 + H 

are capable of predicting the benzene levels observed in the flame. The fust of these reactions, 
because of the high rate coefficient required and because our model overpredicts the C3H2 
concentrations observed by Westmoreland (thus implying an even higher rate coefficient), is a 
less attractive candidate than the second. The second kc t ion ,  the recombination of two 
propargyl radicals, has been suggested as  a source of benzene in shock tube experiments on 
the pyrolysis of allene and propyne by Kern and co-workers(89) and, independently and 
concurrently with our work, ( l )  has been suggested by Stein, et al. (10) as a possible source of 
benzene in acetylene flames. 
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I PROPARGYL RADICAL RECOMBINATION 
! 

In order to test the viability of forming an aromatic compound, i.e., either CgH5 + H or w6. 
from the recombination of two propargyl radicals. we have performed an extensive set of BAC- 
MP4 electronic structure calculations. The results are presented in Figs.. 4 and 5. Propargyl is 
a resonantly stabilized radical with the two structures, 

, 

I 

i 

If we refer to'& end of the radical with two hydrogens as the head and the end with one 
hydrogen as the tail, Fig. 4 shows the intermediate structures and potential energy barriers 
encountered in head-to-head or tail-to-tail recombination, and Fig. 5 shows those encountered 
in head-to-tail recombination. 

Our potential is at least qualitatively consistent with a variety of low-tempeityre pyrolysis 
experimentdlo) which show 3.4 - dimethylenecyclobutene"~ and fulvene as primary 
products of both 1, 5 - hexadiyne (I - - - I) pyrolysis and 1,2,4,5 - hexatetraene (= = - = =) 
pyrolysis. Our one inconsistency with these experiments is the implication that there is a low 
energy path to benzene from 1.5 hexadiyne and 1,2,4,5 hexatetraene. We have not yet found 
one. The implication of these results we discussed in Ref. 1. However, we do find an 
energetically accessible path from C3H3 + C3H3 to benzene and to phenyl + H via head-to-tail 
recombination, as shown in Fig. 5. Thus, our calculations confirm the possibility of forming 
benzene in flames by a relatively fast reaction between two propargyl radicals. Such a result is 
also consistent with the experiments of Alkemade and Homandl l ) ,  which show a fast 
C3H3 + C3H3 rate coefficient and show benzene as a major product. 

6, 

Acknowledgement: This work is sponsored by the U.S. Department of Energy, Office of Basic 
Energy Sciences, Division of Chemical Sciences 
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Figure 1. Comparison of model predictions with the experiments of 
Bastin, et al. for C4H3 and C4H5. 
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Figure 2. Comparison of model predictions with the experiments of 
Westmoreland for C3H3. 



O= experiment 
I = a  
Q = b  
Bl=c 
W = d (C6H6+C6H50) 

= e  (C6H6+C6H50) 
tii] = f (C6H6+C6H50) 

0.5 1 1.5 2 2.5 3 
X (cm) 

Figure 3 Comparison of model predictions with the experiments of Bastin, et al. for benzene (a) model of 
Ref. 1, (b) model of Ref. 1 with the addition of C3H3 + C3H3 & CgH5 + H (k = 1 x 1013cm3/molt 
sec); (c) model of Ref. 1 with the addition of C3H3 +C3H2 o C g H 5  (k = 5 x 10~3cm3/mole-sec.); 
(d) model of Ref. 1 with the addition of i - C4H3 + Q H 2  a CgH5 and i - CqH5 + C2H2 a 
C6H6 + H (same rate coefficients as for the analogous n - C4H3 and n - Q H 5  reactions); (e) 
model of Ref. 1 with klm and klgl increased by a factor of ten; (f) model of Ref. 1 with the heat Of 

formation of i - C4H3 increased to 121.7 kcal/mole. In cases d, e, and f, the predictions are for 
the sum of CgH6 and CgH5O 
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CH2CCn 
Reaction of 2 C3H3 + Fulvene 

CH2CCn 
Reaction of 2 C3H3 + Fulvene 

7 77 

Figure 4. Potential energy diagram for head-to-head or tail-to-tail recombination of two propargyl 
radicals. 

Reaction of 2 CIHl -I CsH5 + H 
1 1 -  

! 

b 

Figure 5. Potential energy diagram for head-to-tail recombination of two propargyl radicals. 
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C3H3 REACTION KINETICS IN FUELWCH COMBUSTION 

S. D. Thomas, F. Communal, P. R. Wcstmoreland 
Department of Chemical Engineering, University of Massachusetts 

Amherst,MA 01003 

Keywords: propargyl, chemical activation, bcnzene 

ABSTRACT 

At typical flame temperatures and pressures, we predict that direct propargyl (C3H3) 
combination forms the open-chain C6H6 species 1,5-hexadiyne, 1,2,4,5-hexatetracne, and 
4.5-hexadienyne in preference to cyclic C6H6 s p i e s  3,4-dimcthylcnecyclobutene, fulvene, and 

benzene(// \ \  , \ u ' , a n d  \w vs. v, &,and 0). These chemically 
activated reactions, analyzed by a new Qformalism of Bimolecular Quantum-RRK, have rate 
con~tants and rates that are consistent with C6H6 data from a CZH2/OZ/Ar flat flame. Cyclic 
C6H;s may then be generated by thermal isomerizations. 

INTRODUCTION 

Recently, C3H3 has been the subject of intense interest as a possible precursor to aromatics in flames.'-8 
In earlier work, Hurd and co-workers proposed in 1962 that aromatics might bc formed by combination of 
trimethine (CHCHCH) 9, and Tsang had cncouragcd others to explore propargyl (CH,-C=CH or CH,=C=CH.) 
as an aromatics precursor based on his high soot yields from pyrolysis expcriments.l0 Kern and co-workers 
provided the first experimental evidence and mechanism for C& formation from C3H3,1e2 stimulating much of 
the subscqucnt research. 

In 1989 we proposed4 a chemically activated pathway from C3H3 to benzcne (Figure I), similar to that 
of Kern, and presented preliminary calculations of its feasibility. The elcctron density of propargyl is bcst 
represented as propynyP although it is a resonance structure of propynyl and propadienyl (CH=C-CHr and 
CH,=C=CH2). Propynyls may combine to make chemically activated I$-hexadiyne ("hot" 1.5-hexadiyne). 
The hot adduct may isomerize by a Cope rearrangement to hot 1,2,4,5-hexatetraene, which may isomerize to 
make hot 3,4-dimethylenecyclobutene (DMCB) by a sigmatropic ring closure analogous to that of 1.3-butadiene 
forming cyclobutene. DMCB can isomerize to hot fulvene (methylenecyclopentadiene) which can isomerize to 
hot benzene. Because of chemical activation, the energy released into the first adduct by bond formation, each 
of these steps occurs above the intrinsic or thermal energy barriers. Each one of these chemically activated 
isomers may be stabilized by bimolecular collisions, or it may decompose or isomerize unimolecularly. This 
hypothesized route was based on thermal pyrolyses of I$-hexadiyne to DMCB, fulvene, and benzene;"-15 
pyrolysis of hexatetraene to the same products;" pyrolysis of DMCB to fulvene and benzene;lS and pyrolysis of 
fulvenc to Compared to the route of Kern and coworkers? this route could procced without thermal 
intermediates and without diradicals. 

Independently and at the same time, and Stein developed a route similar to that in Figure 1.S and 
Alkemade and Homann proposed a fourth, quite different route.3 Stein pyrolyzed 1,Z-hexadiyne at different 
temperatures in a VLPP reactor. At low temperatures, DMCB was formed, while at higher temperatures, 
fulvene and benzene were formed apparently from a DMCB intermediate; Stein proposed that parallel paths 
to the two products may occur. Alkemade and Homann have made the only direct experimental studies of C3H3 
combination, finding a mixture of products including benzene. Their mechanism involved cyclopropenyl 
intermediates similar to those proposed as intermediates in propyne/propadiene isomerization." 

More recently, Miller and Melius' have proposed a fifth route via 4.5-hexadienyne, the head-to-tail 
combination product of propargyls. They suggest rearrangement of the acetylenic group to a vinylidene form, 
which would insert into an allenic C-H bond to form a 1,2.4-cycloh~xatriene. Finally they suggest rapid 
rearrangement to benzene, apparently by a molecular 1,3 H-shift. 

Most of these routes are energetically feasible, but there are energetic and entropic challenges to 
overcome en route. Direct closure to a six-membered ring requires a tight transition state with loss of internal 
rotation(s), and 1.2- or 1.3-H-shifts and cyclization to four- or five-membered rings is even tighter. The overall 
exothermicity in forming benzene is a strong driving force, but the intermediate steps must be successful as well. 
Calculations are presented here for t b  mechanism of Figure 1. The formation of thermal intermediates is 
predicted to play more of a role than in ClH3 and GH5 additions to CzHa where the low A-factors (entropic 
difficulty) are compensated for by low energy barriers to cyclization. 
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CALCULATIONAL METHODS 

Multiple isomerizations require a new form of chemical-activation analysis, so we have developed1* a 
"Q-formalism." Some discussion of the form and nomenclature serves to clarify the process of multiple 
chemically activated isomerization. The ith isomer can be designated either as being in a specific energy state, 
I@), or as  being the thermal species 1; (species in a thermal distribution). High-energy states & ( E )  may be 
collisionally stabilized by a third-body gas, or they may decompose or isomerize unimolecularly. 

Consider Figure 1. Propynyl combination forms different quantum states I I ( E )  of 1,5-hexadiyne (kl) 
with a rate constant k;flE,T), where k ,  is the high-pressure-limit rate constant for reactants forming the 
thermal adduct Il and f(E,T) is  the chemical-activation distribution function. With sufficient energy, 
II(E) may: 

( a )  Be stabilized by a third-body gas M into a thermal distribution 11 at a rate ~ i Z i I M J 4 1 ~ ( E ) J ;  
(b) Decompose to new products like H + -=---= at a rate (kd.,(E))".fI,(E)I; where j is one of J(i) 

decomposition channels; 
(c) Isomerize to Iz(E) (1,2,4,5-hexatetraene) with a rate (kl(E))Jl&E)J; or 
(d) Revert - just a decomposition channel for the first isomer, the adduct, but designated for generality 

as if it were a reverse isomerization with a rate of (k.I(E))cfl,(E)J. 

Likewise, 4 ( E )  may isomerize in turn to 13(E) (3,4dimethylcnccyclobutene), 14(E) (fulvene), and LJE) (benzene). 
Each I J E )  may k stabilized to I, decompose, isomerize to the next isomer, or revert to the previous isomer. 

The rate constants have a compact form incorporating a recursive term Q;. Here we show a Quantum- 
RRK form, where the energy variable, quantized relative to the bottom of the first energy well, is n =E / h a > :  

i 
k ( G H 3  + C3H3 +It) = f: pi Zi MI . g ( Q ,  (E)) [11 

n=Elh<v>=m,  

where ml is the quantized barrier for reversion of I l  to reactants; 
k,oxmc = k;f(E,T) for i=l or (kI(E))i.I for i > l ;  and 
(kl(E)); = 0 and (k.l(E))i+l.Q;+l = 0 for i=N. 

Energy-dependent rate constants k(E) for the ith isomer are calculated relative to the bottom of the energ. 
well for that  i s ~ m e r , ' ~  but the summations of Equation 1 and 2 are over the energies of the chemically 
activated adduct. 

High-pressurelimit Arrhenius parameters of the different steps are the key input parameters for the 
calculations. Parameters in one direction are often available or may be estimated, but thermochemistry is 
necessary to obtain parameters in the opposite direction. Thermochemistry used here is summarized in Table I, 
and the resulting set of A-factors and activation energies is presented in Table 11. Other parameters necessary 
for the calculations include mean frequency of the isomers (1010, 1240, 1176, 1209, and 1205 cm-' for i=l to 5, 
respectively); molecular weight of 78.06; Lennard-Jones parameters o = 5.27A and e/u = 440 K; and molecular 
weight, Lennard-Jones parameters, and collisional stepdown size for the third-body gas M. 

RESULTS 

At high pressure (1 atm, Figure 2a) and low pressure (600 Pa, Figure 3a), C ~ H B  combination as propynyk 
is predicted to form the thermal adduct as its dominant channel. This result is somewhat surprising, as there is 
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no intrinsic energy barrier to proceeding all the way to bcnzene or to phenyl and H. On the other hand, while 
the chemically activated adduct can go over the isomerization energy barrier, entropy loss in the tight 
transition state is a serious limitation, as manifested in the low A-factor. At  its lowest energy level (the 
ground energy of the reactants), the hot adduct has 29 kcal/mol available for isomerization, but the A-factor, 
which limits M E ) ,  is only 3.10" and the energy gain in isomerization is only 1 kcal/mol. Stabilization of the 
adduct is then relatively easy. At higher energy levels, reached at higher temperatures, the A-factors favor 
reversion to reactants by a loose transition state. Phenyl contributes only slightly, and then only at 600 Pa and 
the highest temperatures; DMCB is the dominant thermal product, which may rapidly, thermally isomerize? 

Once 1,S-hexadiyne forms, it may isomcrize thermally to benzene. Likewise, the next most important 
products, 1,2,4>-hexatetraenc and 3.4-dimethylcyclobutene may form benzene thermally. 

Combination as propadienyls should be much less favorable. Radical density is greatest on the CH2 
group within C3H3, corresponding to propynyl, and C3H3 tends to react as  propynyl? If C3H3 had 10% 
propadienyl character, the probability of propadienyl+propadienyl combination would only be 1% of the total 
combination rate. Again, though, thermal isomerization of the products would be possible. Also, head-to-tail 
combination (propynyl + propadienyl) forms 4,5-hexadienyne, which may isomerize to benzene thermall~?~ 

These results would agrce with the experimental rcsults of Alkemade and Homann3 only if thermal 
isomerization contributed, but there is no conflict with the C2H2/02/Ar flame data of Westmoreland et al.= 
The predicted rate constants would easily account for the rate of C6H6 production in that flame, as  molecular- 
beam mass spectrometry docs not resolve isomers of mass 78. Also in that work, a microprobe sample of the 
stable species was collected downstream of the rcgion of high C&i6 production rate. GC/MS analysis using 
aDB-5 fused-silica column identified four isomers of mass 78 at conccntrations of 6,1.3,20 (for benzene), and 0.4 
ppmv in the flame. Future work in our laboratory will examine the isomer split throughout this flame. 

Another possible cause of discrepancy is unccrtainty in the input barriers. Stein inferred a rate constant 
of 8.10'2exp(-50.0/RT) for DMCB pyrolysis to fulvene and bcnzene.5 Using these alternative parametcrs for 
DMCB + fulvene, little change in the largest rate constants is predicted at 1 a h .  In contrast, direct formation 
of phenyl contributes much more significantly at 600 Pa and the highest temperatures, although the thermal 
path is also predicted to dominate at lower temperatures. Again, having no intrinsic barrier is helpful, but 
entropic limitations are also very important. 
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Table I: Thermodynamic properties of species used in the analysis (1 atm standard state). 

 AH;^^ S& 
Species and structures (kcal/mol) (cal/mol K) Source 

Propargyl, C3H3 

1.5-hexadiyne ( /A\) 

1,2,4,5-hexatetraene ( 'u') 
Dimethylenccyclobutcne ( v) 

Fulvene ( & ) 

Benzene ( 0 ) 
Phenyl 

H-atom 

81 .4 

99.0 

98.0 

80.4 

53.5 

19.8 

78.5 

52.1 

60.6 

81.3 

78.6 

68.4 

67.9 

64.3 

69.4 

27.4 

AH;, of McMillen and Golden (Ref. 20); 
estimated. 

AH; of Rosenstock et al. (Rcf. 21). compared to 
99.5 by group additivity; S;babygroup 
additivity. 

AH;of Rosenstock et al. (Rcf. 21). compared to 
94.5 by group additivity; S,&bygroup 
additivity. 

AH; of Roth et al. (Ref. 22); S& from 
statistical mechanics using literature moments 
(Ref. 23) and frequencies assigned by analogies 
with fulvene. 

AH; of Roth et al. (Ref. 22, compared to 45.4 
by group additivity; S& from statistical 
mechanics using literature frequencies (Ref. 24) 
and moments (Ref. 23). 

Benson (Ref. 25). 

AH; of McMillen and Golden (Ref. 20); S& of 
Benson (Ref. 25). 

Benson (Ref. 25). 
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Table n: High-pressure-limit rate constants for steps in the C3H3 + C3H3 reaction set. A-factors are in cm3, mol, 

s units; E,;s are in kcalhol. 

6.6.10’’ 63.2 

3.0.10” 34.4 

2.8.10I6 64.2 

3.4.10” 15.9 

3..10” 66 

3..1013 66 

1.8.1016 110.2 

3.1.10l3 0.0 

1.15.10’2 35.4 

3.4.10” 0.0 

5.8.1013 33.5 

3.9,1013 93. 

1.8.10’* 100 

2.2,10’* o 

k,, from k(C3H3+C3H+3.4.10’3 by 
measurements of Alkemade and Homann 
(Ref. 3) assuming C3H3 had 90% propynyl 
character; k- from K,. 

k p  from fit to data of Huntsman and 
Wristers (Ref. 11). 

k,= from k(C&13+C3H3)=3.4.10’3 by 
measurements of Alkemade and Homann 
(Ref. 3) assuming C3H3 had 10% propadienyl 
character. 

k,m by analogy to k(cyclobutene + 1,3- 
butadiene) of Jasinski et al. (Ref. 27). 

k w  by analogy tok(fulvene +benzene); see 
text for comparison to 8~101’exp(-50.0/RT) of 
Stein (Ref. 5). 

k w  from midrange of Arrhenius parameters 
of Gaynor et al. (Ref. 16). 

k,, from k3m of Ackermann et al. (Ref. 28). 
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Figure 1. Energy diagram for propargyl combination, subsequent isomerizations, and decompositions. 
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Figure 2. Arrhenius plot at 1 atm of predicted rate constants for C3H3+C3H3 combining as propynyls: (top) Using 
66 kcal/mol barrier for DMCB to fulvene, (bottom) using 50 kcal/mol barrier of Stein (Ref. 5). Product 
channels: 1J-hexadiyne ., 1,?,4,5-hexatehaene A, 3,4-dimethylenecyclobutene 0, fulvene 0, benzene 
0, H + phenyl A. 
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Figure 3. Arrhenius plot at 600 Pa of predicted rate constants for C&+C3H3 combining aspropynyls: (top) using 
66 kcal/mol barrier for DMCB to fulvene, (bottom) using 50 kcal/mol barrier of Stein (Ref. 5) .  Product 
channels: 1J-hexadiyne W, 1,2,4E~-hexatetraene A, 3,4dimethylenecyclobutene 0, fulvene 0, benzene 
0, H +phenyl A. 

1455 
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INTRODUCTION 

Most s t u d i e s  on aromatics f o r m a t i o n  i n  f l a m e s  have  been  c o n c e n t r a t e d  
on sma l l  f u e l  molecules1-6.  On t h e  o t h e r  hand,  p r a c t i c a l  combus t ion  
sys t ems  s u c h  a s  a u t o m o t i v e  o r  a i r p l a n e  e n g i n e s  b u r n  hydroca rbon  f u e l s  
c o n t a i n i n g  s e v e n  t o  f o u r t e e n  ca rbon  a toms .  Moreover ,  the  few k i n e t i c  
s t u d i e s  on  t h e  combus t ion  o f  l i q u i d  f u e l s  have  b e e n  o y i e n t e d  t o w a r d s  
knock phenomenon a n d  have  been  c o n d u c t e d  i n  a t e m  e r a t u r e  r a n g e  ( l o w e r  

a r e  formed a t  h i g h e r  t e m p e r a t u r e ,  a n d  t o  improve knowledge on 
f o r m a t i o n  o f  these p o l l u t a n t s  i n  p r a c t i c a l  s y s t e m s ,  there i s  a n e e d  
f o r  e x p e r i m e n t a l  a n d  m o d e l l i n g  s t u d i e s  on f l a m e s  of l a r g e  f u e l  
mo lecu le .  

A few y e a r s  ago ,  w e  s t a r t e d  b o t h  e x p e r i m e n t a l  and m o d e l l i n g  s t u d i e s  on 
r i c h  p remixed  k e r o s e n e  flames. S i n c e  k e r o s e n e  i s  a complex m i x t u r e  
w i t h  a l k a n e s  as major components,  t h e  s t r u c t u r e  o f  a n e a r  s o o t i n g  
decane flame ( e q u i v a l e n c e  r a t i o  1 . 9 )  was s t u d i e d  f i r s t  and w e  
deve lopped  a k i n e t i c  model which p r e d i c t e d  the  mole f r a c t i o n  p r o f i l e s  
o f  s p e c i e s  i n v o l v e d  i n  t h e  f o r m a t i o n  of benzene  w i t h  a good a c c u r a c y 9 .  

I n  t h i s  work w e  p r e s e n t  t h e  r e s u l t  of t e m p e r a t u r e  and mole f r a c t i o n  
measurements i n  s o o t i n g  k e r o s e n e  and  d e c a n e  f l a m e s .  R e s u l t s  show t h a t  
f o r  a l l  s p e c i e s  e x c e p t  benzene  t h e r e  is  a c l o s e  s i m i l a r i t y  between t h e  
two f l a m e s  s o  t h a t  t h e  k i n e t i c  mechanism d e r i v e d  f o r  d e c a n e  is  a l s o  
v a l i d  f o r  m o d e l l i n g  k e r o s e n e  combus t ion  w i t h  o n l y  one change  
c o n c e r n i n g  b e n z e n e  f o r m a t i o n .  A specif ic  s t u d y  was c a r r i e d  o u t  t o  
i d e n t i f y  an  a d d i t i o n a l  s o u r c e  f o r  a r o m a t i c s  f o r m a t i o n  i n  k e r o s e n e  
f l ames .  

EXPERIMENTAL 

The premixed s o o t i n g  ke rosene  f l ame  ( 8 . 0 %  k e r o s e n e ,  5 6 . 4 %  oxygen,  
3 5 . 6 %  a r g o n )  was s t a b i l i z e d  on a f l a t  f l a m e  b u r n e r  a t  low p r e s s u r e  ( 6  
k P a ) .  I f  k e r o s e n e  was decane ,  t h i s  c o r r e s p o n d s  t o  an e q u i v a l e n c e  r a t i o  
o f  2 . 2 .  Gas v e l o c i t y  a t  b u r n e r  e x i t  was 24 cm/s .  A decane-02-Ar f l a m e  
w i t h  t h e  same i n i t i a l  compos i t ion  was s t a b i l i z e d  and  a n a l y z e d  i n  
i d e n t i c a l  c o n d i t i o n s .  Tempera tu re  and mole f r a c t i o n  p r o f i l e s  were 
measured a l o n g  t h e  symmetry a x i s .  M o l e c u l a r  beam mass s p e c t r o m e t r y  
t e c h n i q u e  w a s  u s e d  f o r  species a n a l y s i s  and P t - P t  1 0 %  Rh t h e r m o c o u p l e s  
f o r  t e m p e r a t u r e  measurements  (wires d i a m e t e r  50  p m ) .  C o a t i n g  w i t h  
BeO/Y203 p r e v e n t e d  c a t a l y t i c  e f f e c t s ,  and  h e a t  l o s s e s  d u e  t o  r a d i a t i o n  
were compensa ted  b y  e lectr ical  h e a t i n g .  I d e n t i f i c a t i o n  o f  s p e c i e s  a n d  
c a l i b r a t i o n  of t h e  mass s p e c t r o m e t e r  h a v e  been  d e s c r i b e d  
e l sewere lo ,  11. 

A G i l s o n  pump m a n u f a c t u r e d  f o r  L i q u i d  Chromatography was u s e d  t o  
c o n t r o l  the  f l o w  r a t e  of k e r o s e n e .  The f u e l  was f i r s t  a tomized  by 
d r a g g i n g  t h r o u g h  a small o r i f i c e  by a h i g h  p r e s s u r e  a r g o n  je t  and t h e n  

1456 

t h a n  1000K) where p e r o x i d e s  f o r m a t i o n  domina te s7 ,  P . Aromat i c s  and s o o t  



I 

vaporized in a heated chamber. Adjustment of atomizer and vaporizer 
temperature was rather critical. Temperature had to be maintained 
between 170'C and 2OO'C to prevent fuel condensation or 
polymerization, respectively. 

RESULTS 

In a previous study on the modelling of acetylene flames, the 
formation of the first aromatic rings was described by acetylene 
addition to C4 species : 

C4H5 + C2H2 --- > C6Hg + H (1) 
C ~ H ~  + c2n2 --- ' 'gH5 (2)  

Kinetic parameters for these reactions were taken from Westmoreland12. 
The mechanism for rich decane flames was built upon addition o the 

ability of the mechanism to predict aromatic formation depends 
strongly on the accuracy of the modelling of C4 species and their 
precursors : C2H4 and C2H2. Maximum mole fraction measured for the 
major molecular and active species, and for the species involved i n  
aromatics formation, in. the kerosene and decane flames have been 
compared in Table I. 

Slight differences are observed for some species. They were not 
considered as significant but rather due to a lower accuracy of the 
measurements in the kerosene flame where very low electron energies 
were used to prevent fragmentations of the fuel components. However 
the maximum mole fraction for benzene in the kerosene flame exceeds by 
one order of magnitude the maximum measured in the decane flame. 

This point deserved attention and a specific comparative study on the 
formation of benzene and two others aromatic species : phenyl 
acetylene and vinyl benzene in decane and kerosene flames was 
undertaken. To check the possibility of a change in the mechanism for 
aromatics formation described above, acetylene was measured as well. 

acetylene mechanism of a few reactions for decane consumption 5 . The 

Aromatics formation in kerosene and decane flames 

Detailed analysis of the structure of one flame is time-consuming and 
this study was limited to signal measurements. On the other hand, they 
were repeated for many flames with equivalence ratio in the range 1.0 
- 2.5.  Change in fuel composition have been done keeping constant both 
the overall and the argon flowrates. Gas velocity at the burner exit 
was 27.5 cm/s (at 298K and 6.0 kPa). 

Figure 1 shows that the maximum mole fraction of acetylene in decane 
flames is slightly greater than in kerosene flames. In both flames, a 
linear increase is observed for equivalence ratios above 1.6. 

Benzene measurements have been performed with an electron energy 
adjusted to 13 eV. For kerosene flames a second determination has been 
done with an electron energy of 11 eV to check the occurrence of 
fragmentations in the ionization source of the mass spectrometer. A 
similar result (linear variation of the maximum signal with the 
equivalence ratio) is obtained in both cases, so that we can conclude 
that measurements of the benzene signal are free from fragmentation 
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effects  ( F i g u r e  2 ) .  E x t r a p o l a t i o n  of  t h e  s i g n a l  g i v e s  a n u l l  v a l u e  f o r  
an  e q u i v a l e n c e  r a t i o  e q u a l  t o  0 . 8 .  

Measurements i n  t h e  decane  f l ame  c o n f i r m  t h a t  benzene  is formed i n  
lower  c o n c e n t r a t i o n  t h a n  i n  k e r o s e n e  f l a m e s .  The r a t i o  i s  a b o u t  1 0  f o r  
a n  e q u i v a l e n c e  r a t i o  of  2 . 0 .  A s e c o n d  d i f f e r e n c e  w i t h  k e r o s e n e  f l a m e s  
i s  obse rved  f o r  t h e  v a r i a t i o n  o f  t h e  maximum s i g n a l  w i t h  t h e  
e q u i v a l e n c e  r a t i o ,  t he  exponen t  i n  a l a w  [ C G H ~ ]  = f (0) b e i n g  g r e a t e r  
t h a n  1. 

The c u r v e s  p l o t t e d  i n  f i g u r e  2 show t h a t  benzene  f o r m a t i o n  r e s u l t s  
f rom two d i f f e r e n t  mechanism i n  decane  and  k e r o s e n e  f l a m e s .  I n  t h e  
fo rmer ,  benzene  is formed by r e a c t i o n s  (1) and  ( 2 )  s o  t h a t  t h e  s i g n a l  
i s  p r o p o r t i o n a l  t o  a c e t y l e n e  and e i t h e r  C4H3 o r  C 4 H 5 .  S i n c e  i n  t u r n ,  
C 4  s p e c i e s  are  formed f rom a c e t y l e n e ,  benzene  dependence  w i t h  [ C 2 H 2 ] *  
must be o b s e r v e d .  The dashed  l i n e  i n  f i g u r e  2 c o r r e s p o n d s  t o  t h e  
v a r i a t i o n  w i t h  0 of  t h e  e x p r e s s i o n  k[C2H l 2  w i t h  t h e  c o n s t a n t  k 
a d j u s t e d  s o  t h a t  t he  v a l u e  c a l c u l a t e d  f o r  d = 2 . 4  c o i n c i d e  w i t h  t h e  
s i g n a l  measured  f o r  benzene .  These  two c u r v e s  r ema ins  v e r y  c l o s e  ove r  
t h e  whole r a n g e  of  e q u i v a l e n c e  r a t i o s .  ( [ C 2 H 2 ]  r e p r e s e n t s  t h e  maximum 
s i g n a l  measured  f o r  a c e t y l e n e ) .  

I n  k e r o s e n e  f l a m e s ,  t h e  l i n e a r  v a r i a t i o n  of  t h e  benzene  s i g n a l  w i t h  
(0 - 0,) shows t h a t  t h e  a r o m a t i c s  components o f  t h e  f u e l  c o n t r i b u t e  

d i r e c t l y  t o  benzene  f o r m a t i o n .  The p r o c e d u r e  a d o p t e d  t o  change  t h e  
e q u i v a l e n c e  r a t i o  of t h e  flames ( c o n s t a n t  v a l u e s  o f  o v e r a l l  an  a rgon  
f l o w r a t e s )  leads t o  t h e  f o l l o w i n g  r e l a t i o n s h i p  be tween d e c a n e  f l o w r a t e  
and  0 : 

(Fd, Fo, FAr r e p r e s e n t s  r e s p e c t i v e l y  decane ,  o v e r a l l  
f l o w r a t e s )  . 
S i n c e  2 ( 0  - 0,) i s  s m a l l  compare t o  31, t h i s  e x p r e s s i o n  
l i n e a r  v a r i a t i o n  f o r  Fd w i t h  (0 - 0,) 

and a rgon  

p r e d i c t s  a 

Phenyl  a c e t y l e n e  a n d  v i n y l  benzene  s i g n a l s  c o r r e s p o n d  a s  w e l l  t o  
d i f f e r e n t  s o u r c e s  f o r  a r o m a t i c s .  I n  decane  f l ames ,  t h e s e  two s p e c i e s  
are n o t  o b s e r v e d  f o r  e q u i v a l e n c e  r a t i o s  lower  t h a n  1.5, w h i l e  a marked 
i n c r e a s e  i n  t h e  s i g n a l  i s  o b s e r v e d  f o r  r i c h e r  f l ames  ( F i g u r e  3 ) .  S i n c e  
t h e s e  s p e c i e s  are formed by a d d i t i o n  of  a c e t y l e n e  t o  benzene  o r  phenyl  
r a d i c a l  we h a v e  p l o t t e d  t h e  v a r i a t i o n  o f  t h e  e x p r e s s i o n  k[C6H6] [ C 2 H  1 
v e r s u s  0. H e r e  a g a i n ,  t h e  v a l u e  o f  t h e  c o n s t a n t  k w a s  a r b i t r a r i l y  
a d j u s t e d  i n  o r d e r  t o  match  e i t h e r  t h e  pheny l  a c e t y l e n e  o r  t h e  v i n y l  
benzene  s i g n a l  a t  0 = 2 . 4 .  The same compar ison  i n  k e r o s e n e  f l ames  
l e a d s  t o  v a l u e s  d e r i v e d  from [ C s H g ]  and  [ C 2 H 2 ]  l ower  t h a n  t h e  
e x p e r i m e n t a l  s i g n a l  when 0 i s  c l o s e  t o  1 . 0  ( F i g u r e  4 ) .  E x p r e s s i o n s  
b a s e d  on t h e  p r o d u c t  of t h e  r e a c t a n t s  s i g n a l s  g i v e  o n l y  an  uppe r  l i m i t  
f o r  t h e  f o r m a t i o n  o f  a g i v e n  s p e c i e s  s i n c e  consumpt ion  i s  n o t  t a k e n  
i n t o  a c c o u n t .  T h e r e f o r e ,  from t h e  r e l a t i v e  p o s i t i o n s  of  t h e  
e x p e r i m e n t a l  p o i n t s  and t h e  dashed  cu rve ,  we can  c o n c l u d e  t h a t  phenyl  
a c e t y l e n e  and  v i n y l  benzene  measured  i n  . s t o i c h i o m e t r i c  o r  s l i g h t l y ,  
r i c h  k e r o s e n e  f l a m e s  r e s u l t  from t h e  a r o m a t i c  components of  t h e  f u e l .  

Benzene f o r m a t i o n  i n  k e r o s e n e  f l a m e s  
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This comparative study clearly shows that consumption reactions of at 
least one aromatic species must be added to the decane mechanism to 
predict the structure of rich kerosene flames. Tri-methylbenzene is 
the main aromatic species in the kerosene that was used in this work. 
However, to simplify both the mechanism and the search for kinetic 
data, the aromatic part of kerosene was considered as toluene and the 
following reactions were considered to describe its consumption : 

C7H8 t H ---> C7H7 + H2 1.24 l o i 4  0.0 35.10 (3) 

C7H8 + H ---> CsH6 + CH3 3.50 loi3 0.0 15.50 ( 5 )  

C,H7 t O2 ---> CsHs + Prod. 1.00 1013 0.0 0.00 (7) 

Kinetic data f o r  these reactions have been taken from Rao and 
Skinneri3. 

Modelling of kerosene flames 

These five reactions have been added to the mechanism validated 
previously for decane combustiong. Simulation of the kerosene flame 
has been performed with a fuel composition of 10% toluene and 90% 
decane. Warnatz's computation code was used with the experimental 
temperature profile as input data, so that the energy equation was 
neglected. Temperature profiles were measured by moving the burner in 
the vertical direction. The thermocouple was kept at a fixed position, 
close to the quartz cone tip, in order to take into account flame 
perturbation by the cone. The measurements have been repeated for 
various distance (d) between the thermocouple bead and the cone tip 
(Figure 5). In the burned gases only a cooling effect is observed, 
while in the main reaction zone, flame attachment shifts the profiles 
towards larger distance from the burner surface. No one profile is 
representative of the gas sampling conditions in the whole flame : 
profiles with very small d correspond to the temperature evolution for 
sampling close to the burner surface, while profiles with large d give 
a better description of the temperature history for a gas sample taken 
far from the burner. In this work, the profile measured with d = 3 mm 
was chosen as the best compromise between these extreme situations. 

The SANDIA thermodynamic data base14 has been used for species 
involved in H2, CI and C2 submechanisms and Burcat's datal5 for decane 
and toluene combustion reactions. 

Simulated mole fraction profiles are compared to the experimental ones 
for the reactants, the main products, and species involved in the 
formation of aromatics from the alkane part of the fuel (Fig. 6 - 9 ) .  I n  
figure 10, prediction of the mole fraction profile is compared to 
experimental results for a decane and a kerosene flame. This figure 
shows that in the latter, benzene results mainly from the aromatic 
part of the fuel. This contribution can be modelled with a good 
accuracy by addition to the mechanism of a few reactions for the 
consumption of one aromatic. 

c7n7 + H ---> C,H~ 9.00 1013 0.0 0.00 ( 4 )  

ClH8 ---> C3H3 + C4H4 4.00 0 . 0  424.30 (6) 

; , (( 

. . I  CONCLUSION 
, 

, I  This work was concerned with the formation of aromatics in kerosene 
. : i t ,  flames. In previous studies we checked the possibility to substitute 

, . decane to kerosene to Perform modelling in simpler conditions. Results 
/ '  , ., showed that structure of decane and kerosene flames are similar except 
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for benzene that is formed in larger amount in kerosene flames. A 
specific study based on the systematic measurement of acetylene, 
benzene, phenyl acetylene and vinyl benzene in decane and kerosene 
flames was carried out. Variation of the maximum signal with the 
equivalence ratio leads to the conclusion that the aromatic part of 
kerosene is the main source Of aromatics, while it is the addition of 
acetylene to C4 radicals in the decane flame. This difference was 
taken into account by addition of a few reactions for the consumption 
of toluene to the decane combustion mechanism used so far. This change 
leads to predictions in good agreement with the experimental mole 
fraction profiles in decane and kerosene flames. 
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Decane-02-Ar Kerosene-02-Ar 
flame flame 

co 3.4 10-1 2.9 10-1 
3.0 10-1 2.4 10-1 
2.3 10-1 3.0 lo-' 
6.0  7.0 

5.3 10-2 1.7 

H20 
H2 

8.9 10-3 1.2 10-3 
co2 

OH 2.7 10-4 3.7 10-4 

6 1 3.9 10-2 
1.8 10-3 

5.9 10-4 1.1 10-3 
3 3 10-5 1.0 10-4 

2.2 10-3 

H 

C2H4 

C4H2 C2H2 114 10-3 

C4H5 1:2 10-4 
C4H4 

'sH6 
Table I 

Comparison of the maximum mole.fraction in decane and kerosene flames 
(equivalence ratio : 2.2, pressure : 6 kPa). 

Figure 1 
Evolution with 

the equivalence ratio 
of the maximum aignal of CZHZ 

Figure 2 
Evolution with 

the equivalence ratio 
of the maximum signal of CsHs 

1461 



1.4E-3- 
: . 

1 . E - 3 -  

- 1 .0E-.3 - 

c 3 
.- 

?9.oE+ 
e 
e 6. E - 4  - 
" ._  

- - : 4.  E - 4  I 
m 
v, 
.- 

2.oE-4- 

0.oE.o 

Figure 3 
Decane flames 

C 0 3 0 3 P h e n y l  o c e l y l e n e  m e s .  

M V l n y I  b o n z e n o  
- - P h e n y l  0 5 * L y l O n *  C . I . 2 . '  

b 
I 

I 
I 

/ I O  A 

I 

I /  A 
I 

1'8 
/ 

/ 

' 0  
, 
A 

1,  , . , , . , I , ,  . @ .  , , . . . I , .  I , .  , . I .  ,~ 

-d = 0.65 
m d  = 0.10 
U U . d  = 0.20 
-d = 0.30 
m d  = 0.50 
m d  = 0.70 
. U n d  = 1 .OO 
O O U d  = 1.50 
CCCXX)d = 2.60 

- 
lo 

c 2 
._ 

2. e 2. BE- 2 - 
e 
- 
C 

.B1 .E-?- 

z cm 

A 
0 

n 

; A 0 ,  

1, ,' . 

I 
/ A  

0 1  

4/  
A I  

0 I' 

I 

3 

Figure 4 
Kerosene flames 

Figure 5 Figure 6 
Temperature profiles 

in a 0 - 2.2 Kerosene-02-Ar flame Comparison of experimental (points) 
and simulated (curves) 
mole fraction profiles 

0 - 2.2 Kerosene-02-Ar flame 

1462 



88888 CO2 

cox0 H 2 0  
HZ0 

88888 CO2 

cox0 H 2 0  
HZ0 

- - - _ _ _  ,'- - - - _  - 
1 00 

0 1  - _ _ - _ - _  
,, .88 

8 8 8 8 8 I 

0 0  - I I , l . I . , I . , , , , , , . . , , , ,  

0 00 1 .oo 2 00 3 00 
z (cm) 

Figure 7 
Comparison of experimental (points) 

and simulated (curves) 
mole fraction profiles 

0 = 2 . 2  Kerosene-02-Ar flame 

1.2E-3 

1.OE-3 

6.OE-4 

6.OE-4 

4.OE-4 

2.OE-4 

0 . 3 E t O  
0 

8 
0 00000 C4H4 

~ C4H4 
8 8 8 8 8 8 C 4 H 5  x 16 
0 - C4H5 18 

0.03 I .oo 2.00 3.00 
z (cm) 

Figure 8 
Comparison of experimental (points) 

and simulated (curves) 
mole fraction profiles 

0 = 2 . 2  Ker0sene-02-Ar flame 

3.OE-3 ..... K o r o t e n o  
- K e r o s e n e  
O C 0 0 3 D e c o n e  ( x  20) 

Decone  ( x  20! 2 .5E-3  in. - -  

Q 

5.OE-4 l . O E - 3 ~ ~ ~  0, :I 0 

0 OE+O 
3.00 1 .oo 2 00 3 0.00 1 1 .oo 2 00 

( cm)  2 (cm) 3 

Figure 9 Figure 10 
Comparison of experimental (points) Comparison of experimental (points) 

and simulated (curves) and simulated (curves) 
mole fraction profiles mole fraction profiles 

0 = 2 . 2  Kerosene-02-Ar flame 0 - 2 . 2  Decane and Kerosene flames 

1463 



REACTION RATES OF A FEW BENZYL TWE RADICALS 
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kevwo& : rates of elementary reactions-substituted benzyl radicals - reactions with 02, NO, N 9  

Introduction 

Benzyl type radicals are important conjugated intermediates in the chemical mechanisms describing the 
oxidation of alkylbenzenes in reactive systems. In the atmosphere, they are formed during the first step (by OH 
abstraction) of the tropospheric oxidation'of alkylbenzene derivatives (toluene, xylenes, trimethylbenzenes) : 
final oxidation are formed by subsequent competing reactions of the benzyl type radicals with 9, NO and 
N% (1) (2). In high temperature reactive systems, they can also play a role as intermediates in the mechanism 
of soot formation (3) (4) (5) (6). At last. with the allyl radical, the benzyl radical is a reference conjugated 
radical. With an absolute technique, the discharge flownaser Induced Fluorescence technique, we have 
measured the room temperature rate constants with 9, NO and N% of the following benzyl type radicals : m- 
fluorobenzyl, p-fluorobenzyl, o-methylbenzyl, m-methylbenzyl. Also, the rate constant with 9 of the p- 
fluorobenzyl radical has been measured in the temperature range 297-433 K. 

Exoerimental 

A schematics of the experimental set up is presented figure 1. The radicals are formed by chlorine atom 
reaction with the parent molecule as a precursor. Chlorine atoms are prepared in the upstream part of the flow 
tube by the fast reaction of transfer (7) : 

F + CI2 -> FCI + CI k = 1.6 x cm3 molec-l s-l 

with F atoms first produced by a microwave discharge in F2/He or CF4/He. This method (chlorine abstraction) 
has been preferred to the more direct fluorine abstraction because (i) a significant fraction of fluorine atom 
exhibit an addition on the aromatic ring (8) (9) (ii) chlorine abstraction is a very fast reaction Q = 6 x 10-lo 
cm3 molec-l (10)). The precursor and the reactant (%, NO or N q )  are then successively added via a 
double movable injector. The benzyl type radicals are probed by Laser Induced Fluorescence via their visible 
absorption bands ( A -460 nm) which have been characterized in gas phase either as absorption bands (13) or 
as fluorescence excitation bands (I  1) (12). The exciting wavelength ( A 4 6 0  nm) is generated by a dye laser 
(Rhodamine 590) pumped by a Yag laser (both Quantel) and Further blueshifted (generation of the first Anti- 
Stokes harmonics) via a Raman cell (14). The fluorescent light is filtered by an interference filter ( A =  (500 ? 
20) nm) and averaged by a boxcar (PAR 162/165). 

For the room temperature measurements, both the flow tube and the injector are covered with a 
halocarbon, wax whereas for variable temperature measurements, all flow surfaces are simply washed with HF. 
Most experiments have been performed at a pressure of 1 torr with Helium as diluent gas. 9 (Alphagaz N45, 
99.995%) is used as received. N q  is purified as follows : to oxidize the other nitrogen oxides usually present 
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in N q  (bluish color at 77 K), liquid NO;? is first placed under ultrapure oxygen during ?r 24 hours and then 
submitted to extensive degassing at 77 K. Traces of N q  present in NO (Alphagaz N20, 99%) have been 
eliminated by flowing NO through a combinahon of cha.rcoal filter and a filter packed with FeSO4, 7H20 
(15). 

Results and discussion 

1) Rate eonstants of a few benzyl type radicals with 0 2 ,  NO and N02. 
A few typical curves observed with the p-fluorobenzyl radical as an example are presented figure 2 : 

fig 2a represents a few logarithmic decay plots of radical concentration versus reaction distance ; fig 2b 
represents all the pseudo-first-order constants versus the reactant concentration. Our global results are 
presented table I together with the few other measurements available in the litterature for the benzyl radical 
itself ; the rate constant of the benzyl radical with O;? has already been measured by flash photolysis (16). laser 
pbotolysis/Laser Induced Fluorescence (17) and mass spectrometry (18). Our results for the substituted benzyl 
radicals show that the reaction rate with O;? is not very dependent upon the presence of a substituent ; the same 

conclusion has been observed in liquid phase (19) for a few benzyl radicals substituted in para position by a 
methyl group or a fluorine atom. Furthermore, since the reaction rate constants with 02 and NO measured 
with the present technique (Pressure - 1 torr) are very close to those measured by flash photolysis (1.160 torr) 
(16). this suggests.that these reactions have already reached their high pressure limiting values (k- ) at 
pressures in the torr range. 

2) Variable temperature measurements 
The rate constant with O;? of the p-fluorobenzyl radical, considered as a model for the benzyl radical, 

has been measured in the range 297-433 K. Preliminary measurements indicate a strong negative temperature 
coefficient, in agreement with the following Arrhenius expression : 

k = 4 x exp (1590/T) cm3 molec-I 

This expression disagrees with the absence of any variation observed by Laser photolysis/Laser 
Induced Fluorescence (17) in the range 295-373 K ; however, it is in agreement with the lack of reactivity of 
benzyl with 02 noticed by Troe et al (20) in their shock tube investigations ; furthermore, a few negative 
temperature coefficients have also been reported for the following (R" + O;? ---> products) reaction rates : 
R" = neopentyl (21), R" = ethyl (at constant [MI) (22), R" = i - C4H3 (23). 
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Table 1 : rate constants of benzyl and substituted benzyl radicals (In cn? molec-l s-l) 
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KINETICS OF REACTIONS OF PROTOTYPICAL AROMATIC HYDROCARBONS 
WITH 0 (SP) ATOMS AND CH, (x Sal) RADICALS: A COMPARATIVE STUDY 

F. Temps and A. Gg. Wagner 
Max-Planck-Institut fur StrBmungsforschung, Bunsenstrasse 10, 

3400 GBttingen, Germany 

Keywords: Aromatics, kinetics, methylene radicals, oxygen atoms. 

INTRODUCTION 

Mono- and polycyclic aromatic hydrocarbons constitute important intermediates and 
by-products of technical combustion processes (see, e.g., [l]). Their build-up 
and subsequent fate is well appreciated to be critically determined by reactions 
with small, highly reactive 0- or C-containing radicals. However, despite their 
importance, the detailed mechanisms and kinetics of the distinctive elementary 
reactions which can take place still present many questions. In the present pa- 
per we consider reactions of selected aromatic hydrocarbons with two particularly 
interesting free radicals, namely 0 (SP) (P SO) and CH2 (t 3Bt) (a 3CH2). While 
0 is an important oxidizing species, CH2 as the most abundant highly reactive C- 
-entered small radical in flames can contribute to the build-up of larger mole- 
cules by adding reactive side groups to a substrate. Recent experimental results 
for the kinetics of both species with prototypical unsubstituted mono- and poly- 
cyclic aromatics as well as simple alkyl substituted derivatives are summarized. 
Reactants include benzene, naphtalene, phenanthrene, toluene, ethylbenzene, and 
cumene. The investigations were motivated by the desire to find some simple cor- 
relations which would help to estimate rate parameters for 30 or 3cH2 with other 
reactants for which experiments cannot be performed easily. Thus, the focus is 
on a critical comparison of the chemical reactivities of the two radicals, which 
since they are isoelectronic are expected to exhibit parallel reactivities. Ana- 
logies have been observed concerning addition reactions to the aromatics. On the 
other hand, H atom abstraction from alkyl side chains could only be observed for 
3CH2 but seems to play little role for SO. A difference with dramatic importance 
to combustion processes arises as a consequence of the low singlet-triplet split- 
ting between CH2 (?) and CH2 (% 'AI) ( 5  ICSz), h i g  = 37.7 kJ/mol [Z]. 

EXPERIMENTAL 

Experimental studies of reactions of 30  and SCHz with aromatics A have been per- 
formed using the discharge flow technique. Experimental set-ups have been de- 
scribed [3a, 41. Reactions of atoms were studied in the temperature range 300 
K 5 T 5 880 K under pseudo-first-order conditions with [O] > [AI. Absolute 0 
concentrations were determined using the titration reaction N t NO. Concentrati- 
on-versus-time profiles of 0 and A were followed by mass spectrometry. The reac- 
tions of with benzene and toluene were also investigated using the shock tube 
technique [3e-f1. Reactions of sCH2 were studied in the temperature range 360 K 
< T 5 700 K under conditions [AI > [QHz] with Laser Magnetic Resonance (LMR) de- 
tection of 3CH2. The reaction 0 + CHzCO -., CH2 + CO2 served as the radical sour- 
ce. Reaction product were determined by CC or GC-MS analysis after photolyzing 
CH2CO at either A1=366 or 12=312 nm in a static cell in the presence of reactants 
A [5al. CHzCO photodissociation at these wavelengths yields practically only 
3cH2 or ICH2, respectively [6 ] .  
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RESULTS AND DISCUSSION 

The r a t e  c o e f f i c i e n t s  f o r  t h e  r e a c t i o n s  of 30 with r e a c t a n t s  A can be determined 
d i r e c t l y  from t h e  pseudo-f i rs t -order  decay p l o t s  of [A] and t h e  known 0 concen- 
t r a t i o n s .  Performing experiments under t h e  cond i t ion  [O] > [ A I  has  the  advantage 
t h a t  heterogeneous processes  and consecut ive r e a c t i o n s  of t he  va r ious  products  
can hardly a f f e c t  t h e  k i n e t i c  r e s u l t s .  10 atoms p lay  no r o l e  i n  thermal systems. 

Data ana lys i s  f o r  t h e  r e a c t i o n s  of 3CH2 i s  somewhat more involved.  Rate con- 
s t a n t s  obtained from pseudo-f i rs t -order  decay p l o t s  of [SCHz] i n  t h e  absence and 
presence of a l a r g e  excess  of [A] r e f e r  t o  the  t o t a l  dep le t ion  of 3 C H 2  v i a  a l l  
possible  pathways 171. In  the  f i r s t  p l a c e  one has  t h e  r e a c t i v e  channels (T) Of  
3CH?  with t h e  s u b s t r a t e s .  However, because of t h e  small s i n g l e t - t r i p l e t  s p l i t -  
t i n g ,  p a r t i a l  thermal  e q u i l i b r a t i o n  (EID) with c o l l i s i o n  p a r t n e r s  M between the  
two CH, e l e c t r o n i c  s t a t e s  has  t o  be taken i n t o  account a s  wel l .  l C H 2  undergoes 
very f a s t  consecu t ive  r eac t ions  ( S )  with t h e  r eac t an t s :  

-+ products  
-+ I C H 2  t M 
-+ 3CH2 + M 
+ products .  

W i t h  the  s t eady  s t a t e  assumption f o r  JCH2, the  r a t e  c o e f f i c i e n t s  €or deac t iva t ion  
and r e a c t i o n  of l C H 2  taken from independent measurements [ E l  and the  r a t e  f o r  
3 C H ?  e x c i t a t i o n  from t h e  equ i l ib r ium cons tan t  f o r  3CHz S ICHz, t h e  experimental ,  
d i r e c t l y  measured e f f e c c t i v e  r a t e  cons t an t s  can be sepa ra t ed  t o  determine the  
r a t e  c o e f f i c i e n t s  f o r  t he  3 C H 2  r e a c t i v e  channels ( T )  [5d,  71. 

REACTIONS OF WITH UNSUBSTITUTED AROMATICS:. The r a t e  cons t an t s  f o r  t he  reac-  
t i o n s  of $0 with t h e  mono- and po lycyc l i c  unsubs t i t u t ed  aromatic hydrocarbons 

30 t benzene -+ products  
$0 t naphtalene + products  
30 t phenanthrene -+ products  

a r e  shown as a func t ion  of temperature i n  Fig.  1. Data p o i n t s  a r e  from [3a-e]. 
Resul ts  f o r  r e a c t i o n  (1) obtained i n  o the r  l a b o r a t o r i e s  ( f o r  r e fe rences  s e e  [3a])  
a r e  i n  good agreement. Table  1 summarizes t h e  Arrhenius parameters.  The r e a c t i -  
ons can be seen t o  e x h i b i t  moderate a c t i v a t i o n  ene rg ie s .  I n  accordance with the- 
o r e t i c a l  expec ta t ions  [9] benzene i s  t h e  l e a s t  r e a c t i v e  molecule. Naphtalene and 
phenanthrene behave very s i m i l a r l y .  I t  is pointed ou t  t h a t  t he  d a t a  f o r  r e a c t i -  
ons (1) - ( 3 )  a r e  i n  l i n e  with r e s u l t s  fo r  r e l a t e d  molecules  such a s  halogenben- 
zenes and py r id ine  [ 3 i - j ] ,  which a re  l e s s  r e a c t i v e  than benzene, and biphenyl 
[ I d ] ,  which r e a c t s  somewhat f a s t e r .  Furthermore,  i n  view of t h e  d i f f e r e n t  e l ec -  
t r o n  conf igu ra t ions  t h e  r e a c t i o n  w i t h  anthracene i s  expected t o  be s i g n i f i c a n t l y  
f a s t e r  t han  the  one with phenanthrene. 

The r eac t ions  of 3 0  with these  aromatics  proceed v i a  add i t ion  t o  t h e  r i n g  systems 
y ie ld ing  a t r i p l e t  b i r a d i c a l  a s  primary product.  However, i n t e r sys t em c ross ing  
t o  the  s i n g l e t  s t a t e  i s  l i k e l y  t o  be f a s t ,  and d i f f e r e n t  i somer i za t ion  and frag-  
mentation r e a c t i o n s  can a l s o  t ake  place.  The most exothermic r e a c t i o n  channels 
a r e  those l ead ing  t o  phenols ,  which a t  high p res su res  can be c o l l i s i o n a l l y  s t a b i -  
l i z e d .  Formation of a seven-membered r i n g  con ta in ing  t h e  0 atom o r  of correspon- 
ding "epoxy" isomers  a r e  o the r  p o s s i b i l i t i e s .  I n  t h e  low pres su re  regime H e l i -  
mination to y i e l d  phenoxy type r a d i c a l s  has  been observed, while  e l imina t ion  of 
CO has  been concluded t o  be of minor importance [ loa] .  H atom a b s t r a c t i o n  by 90 
from the aromatic  r i n g  i s  endothermic and has  a high a c t i v a t i o n  energy. Its r o l e  
under flame cond i t ions  can be est imated from an Evans-Polanyi p l o t .  
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REACTIONS OF SO WITH ALKYL SUBSTITUTED AROMATICS: Compared to the unsubstituted 
aromatics discussed above, alkyl substituted derivatives stand out for their two 
reactive centers, the aromatic ring and the side chain. The measured activation 
energies and preexponential factors for the selected reactions 

30 + toluene products 
30 t ethylbenzene 4 products 
30 t cumene products 

are given in Table 1. Experiments have been described in some detail in [3a, f, 
hl. Reaction (4) has also been studied in several laboratories (for references 
see [3al), the different results being in good agreement with each other. The 
overall rate constants kr(T) - ks(T) and, for comparison, kl(T) are plotted in 
Figure 2. Considering the overall body of data it is apparent that the kinetics 
of the reactions of 30 with benzene derivatives containing a single alkyl group 
are virtually identical under the conditions used. The reactions are somewhat 
faster than with benzene. However, there is little if any dependence on the na- 
ture of the alkyl chain (methyl vs. ethyl vs. isopropyl). Data for xylenes [3hl 
indicate that a second alkyl substituent leads to some further acceleration of 
the reaction. 

Concerning the reaction mechanism, the question arises whether the main reaction 
channels involve attack by 30 of the aromatic ring or of the alkyl group. Be- 
cause of the weak benzylic C-H bonds (e.g., A H ~ ~ ~ [ H - C H ~ C ~ H S ] =  378 kJ/mol [111) H 
atom abstraction from these sites is exothermic. An Evans-Polanyi plot for reac- 
tions of 30 with alkanes extrapolates to a very low value for the activation en- 
ergy of H abstraction from toluene of % 10 kJ/mol. Accordingly, H abstraction 
might be expected to constitute a main channel. In contrast, in a shock tube in- 
vestigation of reaction (4 )  the OH channel has been determined to account for on- 
ly 10 .% at T % 1100 - 1350 K. In a crossed molecular beam study of reaction (4 )  
the addition-elimination products CHS t phenoxy and H + cresoxy were observed 
[lob]. Note also that the similarity of reactivities of toluene, ethylbenzene, 
and cumene despite of the significantly distinct benzylic C-H bond energies can 
be taken as evidence against H abstraction. However, an unambiguous answer can- 
not yet be given. Further experimental work is underway 1121. 

REACTIONS OF 3CH2 WITH VNSUBSTITUTED AROMATICS: 
responding reactions of 3CH2, 

The rate parameters for the cor- 

3CH2 t benzene + products 
3CH2 t naphtalene -+ products 
3CH2 t phenanthrene + products, 

are listed in Table 1 [5b, el. The different data points obtained from the LMR 
measurements and, for benzene, from an analysis of stable end products at room 
temperature are plotted in Arrhenius form in Fig. 1. Corrections for contribu- 
tions from excitation to the singlet state and consecutive lCH2 reactions were 
applied as described 171. In comparison to SO, sCH2 can be seen to be signifi- 
cantly less reactive. In particular, the reaction of 3CH2 with benzene (7) exhi- 
bits almost twice as high an activation energy, its value being virtually equal 
to the CH2 singlet-triplet splitting. Reactions (8) and (9 )  can be seen to be 
faster than (81 ,  similar to the observations for SO, but still slower than 30 + 
benzene. 

Fig. 3 shows product histograms for 3CH2 as well as JCR2 t benzene [Sa]. JCRZ 
reacts via addition to the ring system. The product distributions under diffe- 
rent conditions, including flame temperatures, can be rationalized with the help 
of unimolecular rate theory and the energy diagram of Fig. 4. At room tempera- 
ture and pressures above a few mbars the reaction is in its high pressure limit 
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and cyc lohep ta t r i ene  is t h e  main product.  H a b s t r a c t i o n  by 3CH2 from the  aroma- 
t i c  r i n g  would have an a c t i v a t i o n  energy f a r  above t h e  s i n g l e t - t r i p l e t  s epa ra t ion  
and thus cannot play a r o l e  i n  p r a c t i c a l  systems. The observed small y i e l d  of 
t o luene  ( see  F ig .  3 )  i s  an unambiguous man i fe s t a t ion  of t h e  p a r t i a l  thermal equi-  
l i b r a t i o n  between 3CH2 and ICH2 t ak ing  p l ace  even a t  room temperature.  ICH2 r e -  
a c t s  w i t h  benzene e i t h e r  v i a  a d d i t i o n  t o  t h e  aromatic  r i n g ,  g iv ing  cyc lohep ta t r i -  
ene a s  primary product,  or via i n s e r t i o n  i n t o  a C-H bond t o  y i e l d  toluene. Reac- 
t i o n  products of naphtalene and phenanthrene can be r a t i o n a l i z e d  by analogy. 

REACTIONS OF S C A t  WITH ALKYL SUBSTITUTED AROHATICS: The r e s u l t s  f o r  r eac t ions  of 
3CHz with a s e r i e s  of alkylbenzenes,  

~ C H ~  t toluene + products  
3CH2 t ethylbenzene + products  
3CH2 t cumene + products  

a r e  given i n  Table 1 and i l l u s t r a t e d  i n  Fig.  2 [5c, d l .  Reaction (11) has been 
discussed i n  some d e t a i l  before  [5d]. However, with t h e  da t a  f o r  t he  r e l a t e d  mo- 
l e c u l e s  t h e  o v e r a l l  p i c t u r e  becomes apparent .  The r e a c t i o n s  of 3CHZ with a lky l -  
benzenes have much h i g h e r  a c t i v a t i o n  ene rg ie s  than  what has been measured f o r  30.  
A most s t r i k i n g  d i f f e r e n c e  is t h e  observat ion from Fig.  2 t h a t  t h e  r a t e  c o e f f i c i -  
en t s  fo r  (10) - (12) cannot be r ep resen ted  by s i n g l e  Arrhenius expressions.  In- 
s t e a d ,  one has  t o  d i s t i n g u i s h  two regimes.  A t  high temperatures  ( )  450 K) t h e  
d i f f e r e n t  a lkylbenzenes e x h i b i t  v i r t u a l l y  i d e n t i c a l  k i n e t i c s ,  r ega rd le s s  of t h e  
na tu re  of t h e  s i d e  group.  "High temperature" a c t i v a t i o n  ene rg ie s  f o r  a l l  t h r e e  
molecules a r e  c lose  t o  t h e  one f o r  benzene, sugges t ing  a d d i t i o n  of t he  3CUz t o  
the r i n g  t o  account f o r  the r e a c t i o n .  S imi l a r  behaviour has  a l s o  been observed 
fo r  p-xylene [5c] .  Product  y i e l d s  can be p red ic t ed  us ing  unimolecular r a t e  theo- 
ry [5d] .  A t  temperatures  below 450 R r e a c t i o n  channels  with much lower ac t iva -  
t i o n  energies  and lower preexponent ia l  f a c t o r s  play a r o l e ,  and t h e  k i n e t i c s  of 
toluene,  e thylbenzene,  and cumene become d i s t i n c t .  Measured product d i s t r i b u t i -  
ons (see Fig.  3 ,  [ S a l )  f o r  r e a c t i o n s  (10) and (12) i n d i c a t e  t h e  importance of A 
abs t r ac t ion  from the  a l k y l  groups of t hese  molecules under t h e s e  condi t ions.  The 
observed high y i e l d s  of e thylbenzene from (10) o r  n-propylbenzene and cumene from 
(11) a r e  produced v i a  t h e  subsequent c r o s s  recombination of t h e  primary products  

C H 3  and t h e  r e s p e c t i v e  "benzyl" r a d i c a l s ,  e.g. 

3CH2 + toluene + CH3 t benzyl 
CH3 t benzyl t M + ethylbenzene t H. 

The combination of a d d i t i o n  and a b s t r a c t i o n  channels produces t h e  apparent curva- 
t u r e  i n  t h e  Arrhenius p l o t s .  

DISCUSSION: The g e n e r a l  obse rva t ion  has  been t h a t  JCHZ is a much l e s s  r e a c t i v e  
spec ie s  than 30. However, i n t e r e s t i n g  common t r ends  a s  well  a s  some d i f f e rences  
can be observed which s h a l l  b e  pointed ou t  i n  t h e  following. 

From a s tudy of H a b s t r a c t i o n  r e a c t i o n s  from s a t u r a t e d  hydrocarbons I71 t h e  reac-  
t i v i t i e s  of 3CH2 a r e  to  vary with r e a c t a n t s  i n  a manner p a r a l l e l  t o  t h e  b e t t e r  
known trends f o r  30. Fig.  5 shows t h e  r e spec t ive  c o r r e l a t i o n .  The d i f f e r e n c e s  
i n  t h e  a c t i v a t i o n  e n e r g i e s  for both s p e c i e s  a r e  of t h e  o rde r  of only 5 kJlmol. 
However, t h e  bond s t r e n g t h  is h ighe r  i n  t h e  product A-CH, than i n  U - 0  (461  kJ/mol 
vs. 428 kJImol) .  The preexponent ia l  f a c t o r s  f o r  r e a c t i o n s  of 3CH2 had been found 
t o  be lower by roughly an o rde r  of magnitude than f o r  SO, r e f l e c t i n g  t h e  s t e r i c  
requirements t o  form t h e  t r a n s i t i o n  s t a t e s  171. 

The r e a c t i o n s  of 3O and 3CH2 with t h e  aromatic  hydrocarbons,  a s  with o the r  unsa- 
t u r a t e d  r e a c t a n t s .  a r e  dominated by t h e  e l e c t r o p h i l i c  cha rac t e r  of t h e  r a d i c a l s .  
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The correlationrbetween activation energies for corresponding reactions are shown 
in Fig. 5. Different families of reactants (alkenes vs. alkines vs. unsubstitu- 
ted aromatics vs. alkylaromatics) exhibit different trends. For 30 the activati- 
on energies are known to correlate with the ionization potentials of the reac- 
tants [13, 3dl. Analogous trends can be observed for #CH2. Some theoretical 
support for such a correlation stems from recent ab initio quantum chemical com- 
putations of the potential energy surface for the reaction of 3CH2 with C Z H ~  by 
Peyerimhoff and coworkers [141, who found the critical phase of the reaction to 
be accompanied by a charge transfer from the C2Hl moiety towards the methylene C. 
Loosely speaking, the energetics of the transition state regions might thus be 
expected to depend on the ease of charge transfer from the reactant, for which 
the ionization potential is a rough measure. Other factors, however, play a role 
as well. For instance, the activation energies for reaction of SCH2 with tetra- 
methylethylene and cycloheptatriene have been observed to be much higher than ex- 
pected from the simple correlations [5e]. For the first molecule hindrance by 
the methyl groups must be considered, whereas for the latter electronic effects 
due to the three conjugated n-bonds can play a role. 

The preexponential factors for the addition reactions of 3 0  and 3CH2 to aromatics 
differ little. It is noted, however, that the SCH2 values depend on the correc- 
tion for the pathway via excitation of 3CH2 to the singlet state. Thus, they 
contain somewhat higher systematic uncertainties than the activation energies. 
In view of the spectroscopically known singlet-triplet couplings in CHZ, it is an 
interesting speculation, whether the chemical differences between “ICHz’* and 
“SCH?” decrease towards high temperatures (high internal excitation). ~ C H Z  is 
known to react with hydrocarbons with close to unit collision efficiency [81. At 
room temperature, the observed distinct products of CH2 in the two spin confi- 
gurations indicate that both species do react independently. This picture is 
substantiated by the ab initio potential surface of Peyerimhoff [141, who showed 
the minimum energy pathways for the approach of CH2 in both spin states to C2H4 
to be entirely different, leaving little room for singlet-triplet conversion du- 
ring the reaction. Instead, CH2 singlet-triplet intersystem crossing seems to be 
governed by long-range processes [8,  151. Little is known, however, about the 
reaction dynamics of 3CH2 in vibrationally excited states, which would certainly 
be of importance under the conditions of combustion processes. In any case, for 
modeling combustion processes the distinct chemistry of lCH2 which has been well 
established now [8] but which cannot be discussed here in more detail has to be 
taken into account. 
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TABLE 1: Arrhenius parameters  f o r  r e a c t i o n s  of 30 and 3CH2 with aromatics.  

Reaction A . [cm3/mol .SI E, [kJ/mol] 

30 t benzene 
30 + naphtalene 
30 t phenanthrene 
30 t t o luene%)  
30 + ethylbenzenea)  
30 t cumenen) 

3cH2 t benzene 
R C H 2  t naphtalene 
3CH2 + phenanthrene 
~ C H ~  t tolueneb)  
~ C H ~  + toluenec)  
3CH2 t ethylbenzeneb)  
3 C H 2  + ethylbenzenecl  
~ C H ~  + cumeneb) 
3CH2 t cumenec) 

2.4 .lo1 3 19.5 
1.4 *lo1 3 7.5 
1.9.1013 7.7 
2.2.1013 15.6 
2.2.10'3 15.9 
2.0.1013 15.3 

3 .O .lo 13 
1.3 .lo1 3 

6.0.101 3 
2.0.101 I 
6.0.101 3 
1.6.101 1 
6.0.1013 
3.0.101 1 

2.2.1013 

37.9 
27.9 
28.3 
36.8 
19.0 
36.8 
13.6 
36.8 
13.6 

a )  Presumably a d d i t i o n  r eac t ion ,  s e e  text. 
b ,  Addition r e a c t i o n  t o  aromatic  r i n g ,  see t e x t .  
C )  Estimated va lues ,  H atom a b s t r a c t i o n  from a l k y l  group, s e e  t ex t .  
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BENZENE/TOLUENE OXIDATION MODELS: STUDIES BASED ON FLOW-REACTOR AND 
LAMINAR FLAME SPEED DATA 

K. Brezinsky, F.N. Egolfopoulos, J.L. Emdee, C . K .  Law and I. Glassman 
Department of Mechanical and Aerospace Engineering 

Princeton University 
Princeton, N.J. 08544 

Introduction 

gasolines and jet fuels because they offer many advantages such as a high 
energy density (Goodger and Vere, 1985) and a high knock rating (ASTM Special 
Technical Publication No. 225, 1958). In working towards a comprehensive 
understanding of aromatic combustion, the high temperature oxidation mechanism 
of toluene has been studied extensively at Princeton (Euchner, 1980, Venkat et 
al., 1983, Brezinsky et al., 1984, Brezinsky, 1986. Litzinger. 1986, Brezinsky 
et al., 1990). The mechanistic details that evolved in those studies have 
indicated that at temperatures near 1000 K and 1 atmosphere pressure the early 
time oxidation characteristics are dominated by side chain chemistry followed 
by aromatics ring attack. The reactions of the small molecule fragments of the 
aromatic ring. for the most part, occur later in the reaction sequence; 
therefore a modest sized model, based largely on the mechanisms given by 
Brezinsky (1986) for the oxidation of toluene near 1200 K. This model captures 
the early time chemistry and the essential details of the later time small 
molecule reactions for both toluene and benzene at flow reactor conditions. 
The success of this model in predicting flow reactor species profiles, as will 
be briefly described in the succeeding paragraphs, led to the application of 
the model to the calculation of laminar flame speeds. The results of these 
calculations will be described. 
Experimental Data for M o d e l  Verification 

The toluene oxidation data of Brezinsky et al. (1984) and the benzene 
oxidation data of Love11 et al. (1989) were used to verify the toluene model 
and its benzene sub-mechanism. These data were from Princeton flow reactor 
experiments and include lean and rich equivalence ratios (4) with initial 
temperatures from 1100 K to 1190 K. The experimental details are described in 
the individual papers. 

Slight adjustments were made to the data presented in the above two 
references to reflect recent calibration of the flow reactor rotameters and 
velocity profile. The effect of these recent changes is to give reaction 
times which are approximately 15-20% shorter than given in the original 
papers. It should be noted that the velocity profile in the reactor tube is 
still under investigation. Further details regarding the reduction of the 
experimental data can be found in Emdee (1991). 
Description and Analysis of the Model 

additional reactions for the toluene model. A complete description of the 
model and associated thermodynamic properties of the chemical species is 
available (Emdee et al., 1991; Emdee, 1991). Since benzene is a key 
intermediate in the oxidation of toluene, the benzene sub-model results will 
be considered before the toluene model is discussed. 
Comparison of the Benzene Oxidation Model and Experimental Data 

Aromatic hydrocarbons are expected to remain significant components of 

The model consists of 68 reactions forming a benzene sub-model and 62 

The flow reactor experiments approximate an adiabatic, constant 
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Pressure, reaction system in which hydrodynamic and diffusional transport 
effects are small compared to changes brought about by chemical reaction. 
Thus, to make a comparison between the experimental data and the kinetic 
model, the reaction system was numerically treated as a time-dependent, 
adiabatic, constant pressure, homogenous mixture using CHEMKIN (Kee et al., 
1980). Since mixing of the fuel and oxygen in the diffuser section of the 
flow reactor shortens the time for initial consumption of the fuel, the 
experimentally derived reaction time is only relative. Thus the comparison 
between experiment and model was made after shifting the experimental data in 
time so that the experimental fuel concentration at 50% of the measured 
consumption matched the model prediction. The time shift was constant for each 
experimental condition. 

1. Intermediate species profiles are shown for the 4 - 0.91 case only; 
further results for other conditions can be found in Emdee (1991). 

experimental data for all three conditions considered. A fair match was 
achieved between the total C, and C, species. Lovell et al., did not make a 
distinction between the C,'s and the C,'s. However, they did indicate that the 
C,'s were vinyl acetylene (C,H,) and butadiene (C,H,) in about a 3:l ratio, 
and the C,'s were "predominately acetylene and some ethylene". Because the 
present model can distinguish between species, the individual components of 
the C,'s and C,'s are also plotted in Fig. 1. The vinyl acetylene to butadiene 
ratio appears similar to the ratio indicated by Lovell et al.. and the 
acetylene mole fraction is much larger than the ethylene mole fraction. 

The mole fractions of phenoxy and cyclopentadienyl are included in the 
comparisons of phenol and cyclopentadiene because,these species are resonantly 
stable and might be expected to build up to relatively high concentrations. If 
these radical species found a source of H in the sampling probe, they would 
have been detected as the stable parent species. Figure 1 shows that the 
inclusion of these radicals in the total phenol and cyclopentadiene profiles 
has a small effect on the former and a large effect on the latter. 

Although good agreement between the predicted and experimental phenol 
profiles was achieved for the lean and near stoichiometric conditions, the 
model tended to underpredict the phenol mole fractions for rich conditions. 
The cyclopentadiene profiles were predicted with fair agreement by the total 
of the C,H, and C,H, concentrations for the lean and near stoichiometric 
conditions but was overpredicted by the rich condition. The overprediction of 
the cyclopentadiene coupled with the underprediction of the phenol for the 
rich case suggests that phenol is being consumed too quickly for this case. 
Carbon monoxide was underpredicted for all equivalence ratios considered which 
in part reflects the lack of a full sub-mechanism for small molecule 
chemis try. 
Comparison o f  the Toluene Oxidation Model and the Experimental Data 

did very well at predicting the fuel consumption rate as well as the 
concentrations of many of the aromatic intermediates including benzene, 
benzaldehyde. ethylbenzene. benzyl alcohol and styrene for both lean and rich 
conditions. The concentrations of both phenol and cresol were however always 
underpredicted. 

are at least a factor of two larger than the experimentally measured values. 

The experimental data and model results for benzene are compared in Fig. 

The model prediction of the fuel decay was in good agreement with the 

The results of the calculations are shown in Figs. 2 .  The toluene model 

The figures show that the amounts of acetylene suggested by the model 
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All of the acetylene comes from the C, species which, although not shown, were 
underpredicted by the toluene model. Thus even though the C,'s and C,'s were 
predicted with fair agreement for the oxidation of benzene near 1100 K, the 
higher temperature (-1190 K) oxidation model of toluene suggests that the 
decomposition rate of the C , ' s  to the C,'s 
temperature dependence. 

underpredicted, the CO concentrations predicted by the toluene model matched 
well with the experimental data. The better CO prediction by the toluene model 
can be partially attributed to the greater understanding of side chain 
chemistry which dominates the early oxidation of toluene as compared to the 
limited understanding of ring chemistry which was important in the oxidation 
of benzene. 
S u m m a r y  of Flow Reactor Modeling 

By constructing a kinetic model for the oxidation of toluene based on 
mechanistic and kinetic information from the literature and from 
thermochemical estimates, it was possible to reasonably model flow reactor 
oxidation experiments of benzene and toluene. The consumption rate of toluene 
and benzene for both lean and rich oxidation conditions is predicted quite 
well by the model as are many of the intermediates. The predictive capability 
of the model is a significant improvement over previously 
(Bittker, 1987,1988,1991; Fujii and Asaba, 1973; McLain et al., 1979). 

may not have the correct 

In contrast to the benzene oxidation model in which C O  was 

reported results 

The inhibitory effect of two major toluene consumption reactions 
C,H,CH, + OH .. C,H,CH, + H,O 

C,H,CH, + H + C,H,CH, + H, 

C,H,CH, + 0, + C,H,CH, + HO, 

(1) 
( 2 )  

was clearly indicated by a linear sensitivity analysis. Furthermore, the high 
sensitivity of the model results to che abstraction reaction: 

has allowed for an estimate of this reaction rate constant with reasonable 
confidence. 

of acetylene and the under-prediction of phenol compounds. The acetylene 
profiles were not predicted correctly for the higher temperature toluene 
oxidation even though the lower temperature benzene sub-model predicted 
reasonable levels. With regard to the phenol formation, the temperature 
dependence of the decomposition rate of phenoxy was expected to be the source 
of error since phenol was predicted reasonably well in the lower temperature 
benzene sub-model. 
Flame Modelling 

temperatures and pressures has been demonstrated to be an effective technique 
for developing and refining comprehensive chemical kinetic models 
(Egolfopoulos et al., 1991). For such modelling purposes, limited data from 
the measurement of laminar flame speeds of toluene and/or benzene are 
available in the literature (Garner et al., 1951, Gerstein et al., 1951, 
Wagner and Dugger. 1955, and Gibbs and Calcote, 1959). The encyclopedic work 
of Gibbs and Calcote (1959) contains flame speeds for benzene at atmospheric 
pressure over an equivalence ratio of 0.8 -1.3. These values were obtained 
using a bunsen burner conical flame and shadowgraphs for definition of the 
flame surface. Fristrom and Westenberg (1965) have pointed out the 
complications in defining the flame surface by shadowgraphy and these 
complications would affect the magnitude of the flame velocities reported by 

(3) 

The major shortcomings of the model were found to be the over prediction 

The modelling of measured laminar flame speeds, S,, over a range of 
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Gibbs and Calcote. Similarly, Law (1988) has emphasized the role that flame 
stretch can play in the determination of flame speeds and pointed out the 
substantial variation in measured values that can result if the flame speeds 
are not evaluated in the limit of zero stretch (Egolfopoulos et al. 1989). All 
the aromatics flame speeds reported in the literature are affected by stretch. 
In the absence of stretch free flame speeds for aromatics, the flame speed 
values for benzene measured by Gibbs and Calcote were used for comparison with 
model predictions since their measurement technique tended to minimize stretch 
effects: 
0 - .8 .9 1.0 1.1 1.2 1.3 
su - 39.4 45.6 47.6 44.8 40.2 35.6 (cm/sec) 

The data on the flame speeds of toluene are much more limited than for 
benzene. The value commonly found in textbooks for a stoichiometric, one 
atmosphere flame, 38.8 cm/sec, is attributable to Wagner and Dugger (1955). 
For comparison with the Gibbs and Calcote measured value, the stoichiometric, 
one atmosphere benzene flame speed measured by Wagner and Ougger was 44.6 
cm/sec. 

from flow reactor experiments was coupled to the PREMIX code (Kee et al., 
1985). The calculated flame speeds for stoichiometric toluene/air and 
benzene/air mixtures were approximately 23 cm/sec - a value far beyond the 
range of error of the measured values. The low calculated flame speeds implied 
that the aromatics combustion process was not proceeding fast enough to the 
energy releasing, small molecule oxidation steps. The toluene model contained 
only a very basic sub-mechanism for the oxidation of species containing two or 
less carbon atoms in order to keep the number of reactions and species small. 
Therefore, the first attempt at altering the mechanism to obtain a higher 
flame speed consisted of replacing the abbreviated C, oxidation scheme with a 
more complete, validated one (Egolfopoulos et al., 1991). The substitution of 
this C, scheme led to a marginal increase of only 4 cm/sec. 

A sensitivity analysis of the flame speed to each rate constant in the 
toluene model indicated that there was little sensitivity (less than 2 % )  to 
the alkyl side chain oxidation steps. Greater sensitivity (2% or more) was 
found for a subset of nine rate constants directly related to the oxidation 
of the aromatic ring and its fragments. The benzene flame calculations 
revealed a sensitivity to these same reactions. Of course, the greatest 
sensitivity of the flame speed was found to be for the CO + OH + GO, + H 
reaction (11%) and for H + 0, + OH + H (21%). Since these latter two reactions 
have been extensively studied no further consideration was given to changing 
their rate constants. In view of the greater availability of benzene flame 
speed data and the sensitivity of both the toluene and benzene flame speeds to 
the same rate constants, the toluene mechanism was reduced, for ease of 
calculation and analysis, to a benzene mechanism by the removal of all the 
toluene related steps. 

number are uncertain either because they are estimated rather than measured, 
measured over a narrow range of temperature, or have been determined in only 
one set of experiments. Therefore, sequentially for each uncertain rate 
constant, the value of A in the three parameter representation of the rate 
constant, k-ATnexp(Ea/RT), was increased o,r decreased as indicated by the 
sensitivity analysis in order to "walk" the flame speed up into the 40 cm/sec 
range: 

In order to model the reported flame speeds, the toluene model derived 

Among the rate constants having the most effect on the flame speed a 
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C,H,O + H + C,H,OH ; forward A decreased by 2 . 5  x; reverse increased lox 
C,H,O + C,H, + CO;  forward A increased lox 
C,H, + 02 + C,H,O + 0;  forward A increased lox 
C,H, + OH + C,H,OH + H; forward A increased lox 

The r e s u l t  o f  the  above changes was a calculated flame speed of  41.6 
cm/sec. A s e n s i t i v i t y  ana lys i s  of t h i s  calculated flame.speed indicated t h a t  
changes i n  the r a t e  constants  of the  three react ions of  C, species  would have 
a s igni f icant  e f f e c t  (2% o r  more) on the flame speed. A ten fo ld  increase i n  
the  forward and reverse  A values  of  

was  s u f f i c i e n t  t o  r a i s e  the s toichiometr ic  flame speed t o  43.8 cm/sec, a value 
lower than t h a t  measured by Gibbs and Calcote but  within the range seemingly 
appropriate  f o r  benzene. The calculated flame speeds a t  other  equivalence 
r a t i o s  were 31.2, 3 8 . 2 ,  48.7, and 50.1 cm/sec a t  4 - 0.8, 0.9, 1.1 and 1 . 2  
respect ively.  

conditions were s i g n i f i c a n t l y  changed from those described e a r l i e r  i n  t h i s  
a r t i c l e .  The changes were not  surpr i s ing  s ince  the a l te red  r a t e  constants  
were the same ones shown by s e n s i t i v i t y  ana lys i s  of  the benzene decay p r o f i l e  
t o  be s ign i f icant  during t h e  flow reactor  modelling e f f o r t s .  In  p a r t i c u l a r ,  
the  a l te red  r a t e  constants  l e d  to  an order  of magnitude decrease i n  i n i t i a l  
benzene concentration within 60 msec, maximization of the  phenol concentrat ion 
within 30 msec and, CO production and almost complete consumption within 120 
msec. These l a t t e r  observations suggest how the toluenebenzene model might be 
made more comprehensive in  order t o  pred ic t  both flow reac tor  and flame 
speed r e s u l t s .  

The a l t e r e d  model i n  i t s  a b i l i t y  to  approximately match the measured 
benzene flame speeds has  required a much more rapid production and oxidat ion 
o f  the  energy re leas ing ,  small molecule hydrocarbon fragments. However, the 
flow reactor  p r o f i l e s  ind ica te  t h a t  a l t e r a t i o n  of the r a t e  constants  i n  the 
above extent  and manner is not f u l l y  j u s t i f i e d .  I t  appears t h a t  a subset  of 
toluenefienzene reac t ions  is needed tha t  would not d r a s t i c a l l y  a f f e c t  the 
calculated species  p r o f i l e s  a t  flow reactor  temperatures but  would lead to  an 
accelerated production of small hydrocarbons a t  flame temperatures. This 
conclusion has two implicat ions;  the  temperature dependent parameters of the 
above mentioned a l t e r e d  r a t e  constants  react ions may requi re  re-adjustment i n  
a way already suggested by some o f  the inadequacies revealed during flow 
reac tor  modelling and, the addi t ion of high ac t iva t ion  energy pyrolysis  
react ions,  such as aromatic r ing  rupture  s t e p s ,  not  cur ren t ly  i n  the  
toluenefienzene mechanism may be necessary i n  order  to  provide H atoms t o  
d r i v e  the o v e r a l l  react ion progress .  Both of these approaches to crea t ing  a 
comprehensive toluenebenzene model a re  cur ren t ly  being pursued. 

Acknowledgement: The support of t h i s  research by t h e  Department of Energy, 
Off ice  of Basic Energy Sciences, through Grant DE-FG02.86ER3554 is  g r a t e f u l l y  
acknowledged. 

C,H,O + CO + 2C,H, 

Species p r o f i l e s  calculated with the a l te red  model f o r  flow reac tor  
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INTRODUCTION 

The increasing use of unleaded gasoline in western countries in the last 20 years has forced oil 
companies to find substitutes for the alkyl-lead compounds, in order to supply high-octane fuels. 
Among aromatic hydrocarbons, which are well known to have a high octane number, benzene is a 
preferred compound (up to 5% or more in liquid commercial fuels). Unfortunately, it has a pronounced 
propensity to form mot during its combustion (1). Nevertheless, a rather limited number of works on 
detailed chemical schemes has been published yet. Early studies considered the low temperature 
ignition of aromatic hydrocarbons in static reactors (2-9), where a major step is the addition of 
molecular oxygen to aphenyl radical, leading to a bridging peroxyradical which, according to Benson 
(lo), is very unlikely to be formed at temperatures above 700 K. More recently shock tube (1 I)  and 
flow reactor (12-15) experiments have pointed out the most important pathways at higher tempera- 
tures. It appears thata phenyl radical and 0, react to form a phenoxy radical and an 0 atom. However, 
no detailed reaction mechanism for the oxidation of benzene in flames and for its auto-ignition over 
a wide range of conditions has been published yet. Based on a review of the rate coefficients proposed 
for each elementary reaction, a detailed chemical scheme is presented and discussed here. Numerical 
simulations of premixed laminar flames, and calculations of auto-ignition delay times are compared 
with experiments, in order to check the validity of the mechanism. 

REACTION MECHANISM 

The reaction mechanism presented here is based on a high temperature gas phase mechanism, 
which has been developed recently (16) for saturated and unsaturated hydrocarbons up to C,. 
However, due to lack of space, this work (including several hundreds of literature references) cannot 
be presented here. Most of rate coefficients of the reactions involving C6H6 follow the recommen- 
dations of the CEC evaluation group (17). The reverse reaction rates have been calculated using the 
equilibrium constants (reactions characterized by "<-->"). Irreversible steps are denoted by "-->". 
Reactions directly related to the oxidation of benzene are discussed here, and summarized in table 1. 
The complete detailed mechanism contains 57 species and 475 elementary reactions. 

1) Consumution of C.H; 

Due to the size of the benzene molecule, a fall-off behavior appears only for very low pressures; thus, 
at 1 bar, the high pressure rate coefficient may be used (18). This has been confirmed by RRKM 
calculations (Rice-Ramsberger-Kassel-Marcus theory). 

Measurements for this recombination reaction have only been carried out at low temperatures 
(T < loo0 K). The C,H, radical may be one of the possible starting points for an opening of the cycle, 
but no rate coefficient is available for this step. 

C,H6 <--> C6H, -+ H: 

C6H6 + H <--> C6H,: 
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C6H6 + H C--> C6Hs + y: 
Due to the scatter in the experimental data at high temperatures, it is difficult to evaluate the rate 
coefficient. Since this absnaction channel is necessary for a mechanism describing combustion in 
flames, the value of Fuj i  and Asaba has been taken (19). 

C6H6 + OH C--> C6H5 + H,O, 
C6H6 + OH --> C6H50H + H: 

At high temperatures, the H-abstraction seems to be the dominant channel. The displacement reaction 
is probably not an elementary process (proceeding via a C6H60H species), but cannot been neglected 
at high temperatures. 

C6H6 + 0 C--> C6H, + OH, 
C,H6 + 0 <-> C6H,0H. 

Experiments have been carried out up to 1000 K. Moreover, no clear separation between abstraction 
and addition was shown. We assumed the same reaction rate for both channels. 

No data was found for this reaction, which may play an important role for the ignition. 

2) Consumution of C.H,: 

decomposition. Thus, reactions with other radicals are not well known. 

The reverse of this recombination reaction has been discussed above. 

According to Braun-Unkhoff et al. (20). who monitored H atoms, the,opening of the cycle is the only 
possible decomposition, the pathways leading to C 4 y  + C,y, C6H, + H, C 4 q  + C,y, or C4H4 + C,H 
either have a too high reaction enthalpy, orproduce not enough H atoms. The linear 1-C6H, radical may 
then decompose either to C4H, + C,H, or to I-C6H4 + H, both reactions being pressure dependent. 

This major oxidation step is unfortunately not well known. Venkat et al. (13) propose the formation 
of a phenoxy radical C6H,0 + 0, but no rate coefficient for this'reaction has been measured. 
Fujii and Asaba (19) suggest a complex reaction, leading to C,H4 + H + 2CO. 

C6H6 + 0, c--> products: 

Most ofthereactionsconceming thephenylradical havebeen studiedinrelation with the thermal 

+ n C--> c,H,: 

C6H5 C--> 1-C6H,: 

C6H5 + 0, --> Products: 

C6H5+ C6H6C--> C,,H,, + H, 
C6H5 + Cy C--> C6H,CY: 

These reactions are not included in the mechanism at the moment, since they lead to biphenyl or 
toluene, which oxidation would require a much more complex mechanism. 

3) Consumption of C.H@ 

and its oxidation has to be included in the mechanism. 
Phenol is formed in rather high amounts from benzene, by reaction with 0 and OH (see above), 

C6H50H + H C--> C6Hs0 + 5, 
C6%0H + H C--> C6H6 + OH: 

The only experiments available (21) show that the H-abstraction as well as the displacement reaction 
(the reverse one has been discussed earlier) both are possible at temperatures between loo0 and 
1150 K. 

C,H,OH + OH <--> C6Hs0 + %O, 
C6H,0H + OH <--> C6H40H + 50: 

This reaction has also been investigated by He and others (21). who do not supply information about 
the branching ratios. 
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4) Consumution of C.HrO: 
The only reaction reviewed by the CEC (17) has beem proposed by Lin and Lin (22): 
C6H,0 <--> C,H, + CO, 

where the decomposition of the phenoxy leads to the formation of a cyclopentadienyl radical. 

5) Consumution of C&: 
This species certainlyreacts with radicals l ike0 or OH, as suggested by Brezinsky (14), or with 

molecular oxygen (Venkat et al. (13)). However, the only pathway involving C,H, for which a rate 
coefficient has been proposed (20) is reaction 

followed by the decomposition 

It seems that the lack of radical-radical routes for C,H, is compensated by the semi-global reaction 
C6H, t 0, --> C4H4 + H + 2C0, since the more detailed scheme proposed by Venkat (13) might be 
summarized as: C6H, + 0, --> C6H, 0 + 0 --> C,H, + CO + 0 --> C,H, 0 + CO --> C4H4 + H + 2CO. 

RESULTS AND DISCUSSION 

CsHs --> 1-C,H,, 

I-C,H, --> C3H3 + C,H; 

In order to check the mechanism, velocities of freely propagating premixed laminar flames as 
well as ignition delay times have been calculated, and compared with experiments, under non-sooting 
conditions (below the sooting limit: Q = 1.9). 

1) Laminar flames: 
The solid line in Fig. 1 shows the burning velocities of benzene-air mixtures at 298 K and 1 bar, 

computed for benzene contents from 1.9% to 3.8% (equivalence ratios $= 0.7 to 1.4). The figure also 
shows experimental data (23) available for comparison. The maximum computed burning velocity 
(47.6 c d s )  occurs in stoichiometric mixtures, in agreement with experimental results. For rich 
mixtures, the computed values lie slightly above the measurements, but in view of the uncertainties 
in the experiments and in the kinetic data (see above), this difference cannot be considered being 
significant. 

Fig. 2 shows the burning velocities of mixtures containing 1.5% to 5.0% benzene and 20.8% 
oxygen, diluted with nitrogen (equivalence ratios @ = 0.54 to 1.80 ), P = 1 bar, Tu = 298 K, compared 
with experiments run under the same conditions (24). The maximum calculated speed (49.2 cm/s ) is 
somewhatlargerthan themeasuredone(45.0cds),and slightlyshiftedtoleanmixtures ($= 1.1 instead 
of $ = 1.2). Around stoichiometry, the computed velocities are found to be too fast (up to 9% 
discrepancy), but in rich mixtures, they are too slow (40% at most). Since the conditions of this 
experiment are very similar to those of the one presented first, this result is probably due to the 
reliability of the measuring techniques. 
The pathways of the oxidation of C6H, in a stoichiometric benzene/air flame and their relative impor- 
tanceareshown inFig. 3.C6H6isinitiallyattacked byH,OH, andOradicalstofonn(i)benzylradicals, 
which react with molecular oxygen as described above, (ii) phenol, which, after H-abstraction, leads 
to cyclopentadienyl radicals. Thus, it is clear that the mechanism leads to two parallel pathways, one 
being the phenyl route, the other the phenol route. 

The sensitivity analysis in Fig. 4 shows the rate limiting reactions, for lean, stoichiometric, and 
rich mixtures. The sensitivities are obtained by a systematic variation of the preexponential factors of 
the rate constants. For the i' reaction, the relative sensitivity Si = A h u  / Alnki denotes the change of 
the burning velocity with respect to a change of the preexponential factor. 
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The sensitivity analysis for the reactions of the q-CO-0,  have been discussed earlier (25,26). 
However, it is worth noting that the most sensitive reactions are (i) for all equivalence ratios the chain 
branching step 
H +O, --> O+ OH, (R1) 
(ii) in lean and stoichiometric flames the heat-producing reaction 

The reactions which are specific to the combustion of benzene are: 
c6H5 --> l-C,H, 07449) 
C,H, + 0, --> C,H, + H + 2CO (R453) 
C,H, + H  --> C,H, (R458) 
C p ,  + 0 --> C,H, + OH (R4W 
C,H,OH + H --> C,H, + OH (R472) 

The decomposition of the linear I-C,H, radical (produced in reaction R449) leads rapidly to the 
formation of H atoms; therefore, reaction R449 has a positive sensitivity in rich flames, where the 
molecular oxygen concentration is too low to oxidize all of the phenyl radicals through reaction R453. 
Reaction R453 directly produces H radicals, and has almost the same sensitivity under lean and as 
under rich conditions. Therecombinationreaction R458 deprivesreactionR1 OfHatornsandreactions 
R449 and R453 of phenyl radicals; its sensitivity is strongly negative. In lean flames, the branching 
reaction R466 shows a positive sensitivity. TheH-consuming reaction R472 has a negative sensitivity, 
because it competes with reaction R1. 

Theseresultspointout that adeepinsightintothereactionbetweenphenylandmolecularoxygen 
is fundamental, because the whole mechanism depends on the route chosen. 

2) Imition delav times: 

CO +OH -->CO,+H. (R39) 

Zero-dimensional simulations can be used to calculate ignition delay times of benzene-oxygen- 
argon mixtures in shock tubes. Fig. 5 shows calculated ignition delay times compared with experimen- 
tal results of Burcat et al. (27). for stoichiometric mixtures containing 1.69% benzene, at pressures 
behindreflectedshockbetween2and3 bar,andattemperaturesintherange 1286 to 1608 K. Ifarather 
good agreement is observed at the highest temperatures (above 1450 K), an increasing discrepancy 
appears when decreasing the temperature. 

Sensitivity tests with respect to the OH concentration (Fig. 6) show the rate limiting reactions 
during the induction period at the lowest investigated temperature (1286 K). The main rate-limiting 
process here is the chain branching reaction, too. 
H +O, --> 0 + OH (R1) 
which competes with the recombination reaction 
H +O, +M - ->O+OH+M. ( R W  
The H-atom producing reactions 

--> C,H, + H + 2CO (R453) 
--> C,H, + H (R457) 

c6H5 + '2 

c6H6 

C,H, + H 
have also a pronounced positive sensitivity, in contrary to the H-consuming reaction 

Furthermore, thechain branchingreactionR466hasavery high positivesensitivity andcompeteswith 
the termination reaction R468, which has of course a very strongly negative sensitivity: 

C,H, + 0 --> C,H,OH (R468) 
Further information about the relative importance of each channel is necessary to simulate correctly 
the ignition of benzene-oxygen mixtures. 

--> C,H, + q. 

C,H, + 0 --> C,H, + OH 
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CONCLUSIONS 

1- A review of theelementaryreactions for the high temperature oxidation of benzene has been carried 
out, in order to evaluate t h e  current kinetic and thermodynamic knowledge in this field. 

2- The calculation of premixed laminar flame velocities of benzene-air mixtures is in good agreement 
with experiments run at atmospheric pressure, over a wide range of equivalence ratios below the 
sooting limit. However, it would be helpful to get further data for some reactions (e.g. products, 
reaction rates): 
c6H5 + ' 2  -->products 
C,H, + radical ' -->products 

3- The computed ignition delay times of stoichiometric benzene-oxygen mixtures diluted in argon 
were 1.5 to 5 times too short compared with shock tube experiments, depending on the temperature. 
According to sensitivity analyses, these results could certainly be improved by a better knowledge of 
the following reactions: 

C6H6 + 0 
--> products 
--> C6Hs + OH 

C P ,  + 0 2  

C6H6 + 0 --> C6H,0H 

4- Basedon these results, ourpreliminary mechanism will be improved in  the near future. Calculated 
and measured species profiles in low pressure laminar flames will be compared, in order to obtain 
further information about the combustion processes in flames. Furthermore, ignition delay times at 
pressure ranging from 2 to 7 bar, in lean to rich mixtures will be computed in order to check the 
mechanism for auto-ignition. 
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Table 1 
Benzene mechanism and rate constants in cm3, mol, s, K, and kJ 

Reaction 

414. C,H, 

449. C6Hs 
415. I- C,H, 

450. I-C,H, 
451. I- C6Hs 
453. C,H,+O, 
455. C,H,O 
456. C6H,0H 
457. C,H, 
459. C,H, 
461. C,H,+H 
463. C p , +  OH 
465. C,H,+ OH 
466. C,H,+O 
468. C,H,+O 
470. C,H,OH + H 
472. C6H,0H + H 
473. C,H,OH + OH 
475. C,H,OH + OH 

A R Ea 

--> I- C,H, 1.000e+14 0.0 188.0 
--> C,H, + C p ,  1.000e+14 0.0 71.1 
--> 1- C,H, 4.000e+13 0.0 305.0 
--> C4H3 + C,H, 2.000e+62 -14.7 241.0 

<--> I- C,H, + H 2.500e+58 -13.8 208.0 
--> C,H, + H + 2CO 1.000e+12 0.0 8.4 
--> CsHs + CO 2.500e+ll 0.0 184.0 

<--> C6H, + H 4.410e+29 -3.9 489.9 
<--> C4H, + C,H, 1.000e+15 0.0 450.0 
<--> C,HS + y 7.900e+13 0.0 41.8 
<--> C6Hs + H,O 1.63&+08 1.4 6.1 
--> C,H,OH + H 1.320e+13 0.0 46.0 

<--> C,H, +OH 3.612e+01 3.7 4.5 
<--> C,H,OH 3.612e+01 3.7 4.5 
<--> C,H,O + y 1.144e+14 0.0 51.9 
--> C,H, + OH 2.23&+13 0.0 33.2 

<--> C,HSO + YO 3.000e+12 0.0 0.0 
<--> C,H,OH + Y O  3.000e+12 0.0 0.0 

--> C,H, + CO 2.50Oe+ll 0.0 184.0 

Ref. 

20 
20 
17 
20 
20 
19 
17 
17 
18 
17 
19 
17 
17 
17 
17 
17 
17 
17 
17 

1491 



VI! (ends) 
50 

40' 

30 - 
2 0 -  

1.5 2.0 2.5 3.0 3.5 4.0 1 2 3 4 5 
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Fig. 1. Free flame velocities in knzenc-air mixtures. P = 1 bar. Fig. 2. Free flame velocities of bcnmc-20.8% oxygen-argon 
Tu = 298 K. Points: meaSuremenu (23). Line: Calculalion. mixtures. P = 1 bar. T. = 298 K. Poinu: measurements (24). 

Line: Calculuion. 

+H (16%) 
+o (30%) 

J 
CJ& + 2CO + H 

tH. OH i' 
It. .+* 

C3H3 + C2H2 - - - - + CO, Cq 
Fig. 3.Flowdiagram forthe oxidationofbenzenein astoichiometric flame, P= 1 bar.T.= 298 K.The thicknessof t h e m w s  
is proportional to the reaction rate integrated over the whole flame front 
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H + 0 2  ---> 0 +OH 
0 +OH ---> H + 0 2  

OH + OH ---> 0 + H,O 
0 + H20 ---> OH +OH 

CO + OH .--> C 0 2 +  H 
n + 0, + M -.-> HO, + M 

C02 +H-->CO+OH 
tCH2 + 0 2  ---> CO + OH + H 

tCH2+02--> H2+C0,  

GHs + H -+ C,& 
w5+ 0 2  ---> C4& + H + CO + CO 

C&QH + H -+ C& + OH 

C& ---> I€& 

C& + 0 ---> C& + OH 

-0.8 0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8 
senslllvity 

Fig. 4. Sensitivity analysis with respect to thc laminar flame velocities in lean (white bars), stoichiornelric (grey bars), 
and rich (black bars) benzene-air mixtures. P = 1 bar, Tu = 298 K. 

0.5 4 < 1000/T(K) 
0.6 0.7 0.8 

Fig. 5,Ignitiondelay times for scoichiomctric benzene-oxygen-argon mixtures, P= 2 m 3  bar.Points: experimental values 
(27). Line: calculation. 

H + 0 2 - - > 0 + O H  

C&+ 4-4 C&+ H + CO + CO 

C&+ H ---> C@,+ H2 
C&+ OH ---> C&+ H p  

C&,+ OH ---> S%OH + H 
C&+ 0 ---> S H s  + OH 

=+ O---> -OH 

H + 0 2 +  M ---> HO2+ M 

C&j---> C&+ H 

-1 0 1 
max. scnsltlvlty 

Fig. 6,Sensitivitytestwithrespectto [OH] concenuationofastoichiomeuic 1.69% benzene- 12.675%02mixturesdiluted 
with argon, at P = 2 bar, Tm= 1286 K. and at t = 30 ps (T I5 ) .  
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Abstract 

There are a number of studies on benzene oxidation and pyrolysis, 
yet we do not know of a detailed reaction mechanism based on 
fundamental kinetic and thermodynamic principles that explains 
published experimental observations. Benzene reacts by H trans- 
fer (abstraction) forming phenyl radicals. Prior to unimolecular 
decomposition, phenyl can react with 0 , 0 o r  Hop to form a 
phenoxy radical. Phenoxy, the major channel for benzene loss, has 
been shown to decompose to CO plus cyclopentadienyl radical. In 
this study, we focus on the oxidation pathways to loss of cyclo- 
pentadienyl species. We specifically consider thermodynamic and 
kinetic analyses for reactions of cyclopentadiene and cyclopen- 
tadienyl radical with 0 , 0, H, OH and HO Rate constants as 
functions of pressure ani temperature for &e radical addition 
and recombination reactions are calculated using bimolecular QRRK 
theory. We compare predictions from our mechanism with phenoxy 
and benzene reaction data. 

INTRODUCTION 
Benzene reacts in the presence of oxygen (through phenyl or 

cyclohexadienyl radical intermediates) to form phenyl and phenoxy 
radicals in addition to stable phenol molecules. Phenyl radicals 
in the presence of oxygen will undergo the rapid, exothermic, 
chain branching reaction: 

C6H5' + O2 ----> C6HSO' + 0' 

The phenoxy and cyclohexadienyl radical intermediates are 
resonantly stabilized and are usually present at higher concen- 
trations than the more reactive phenyl or other non-stabilized 
radicals. The phenoxy radical has been shown to unimolecularly 
react t7,qroduce carbon monoxide and cyclopentadienyl (CyCpdj) 
radicat , while cyclohexadieny1,radical produces methyl and 
Cycpdj . Cyclopentadienyl radical is highly resonantly stabi- 
lized with references on its heat of formation ranging in value 
from 57 to 45 Kca / ole corresponding to a resonance stabiliza- 
tion energy ( R S E ) I r 3  of ca.. 18 to 30 Kcal/mole. This large RSE 
essentially eliminates reaction of this radical with O2 to form 
a peroxy radical, which is favorable for normal alkyl radicals. 
This occurs due to the very low, ca 11 Kcal/mole, well depth for 
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stabilizing the adduct with significant loss of entropy. 

Our initial attempts to construct a mechanism comprised of 
elementary reactions to model benzene production and loss, for 
comparisons to our experiment on chlorobenzene and dich oroben- 
zene pyrolysis reaction in H2'f6, chl robenzene oxidation' or the 

large concentrations of cyclopentadienyl radical (Cycpdj). 
Calculations, incorporating abstraction reactions for this radi- 
cal, indicate it would build up to concentrations equal to or 
larger than its cyclopentadiene parent and would clearly act as a 
bottle-neck to benzene loss. The reactions in our mechanisms 
included microscopic-reversibility and showed that the benzene, 
phenyl, cyclohexadienyl - phenoxy system would essentially remain 
at steady state. 

benzene oxidation data of Brezinsky ? , have produced relatively 

Phenols and phenoxy species are known to be common interme- 
' diates in oxidation of aromatic species and they are considered 
strong candidates as precursors in formation of dibenzofurans and 
dioxins. Knowledge of important reactions of phenoxy decomposi- 
tion products - Cycpdj and its parent is therefore critical to 
understanding possible formation of dibenzofurans and dioxins, 
through reverse reactions, as well as their destruction. 

Aromatic species are also important in motor fuels, with 
small ri g aromatics often used to increase octane rafing in 
gasolines' since lead has been eliminated as a blending ingredi- 
ent. Understanding the fundamental reactions of these aromatic 
species will clearly benefit researchers who are working to 
understand preignition and engine knock. This understanding may 
also have implications for soot formation in diesels. 

In formulating a detailed model of benzene destruction 
and/or formation in varied oxidation or pyrolysis environments, 
we need to consider the decomposition pathways for these reso- 
nantly stabilized cyclopentadienyl and phenoxy species. We 
currently do not know of any reaction mechanism for benzene 
oxidation comprised of elementary reactions, which are based upon 
fundamental thermochemical kinetic principles. Brezinsky' and 
Venkat et. a1.* have published general reaction sch mes, with no 

mechanism which was based upon previously published reaction 
paths and presented rate constants which fit experimental data 
for ignition delay times and toluene loss profiles. Bittker, 
however, used a sensitivity code to determine the important 
reactions and then optimized the fit of the data by adjusting 
rate constants. No account for collisional fall-off of activated 
complexes formed by addition of atoms or radicals to unsaturated 
(olefinic or aromatic) bonds, or by combination of radical spe- 
cies was included. Published mechanisms for toluene and other 
aromatic pyrolysis sometimes include reactions where the Arrheni- 
us A Factor is reasonably close to the high pressure limit value, 
but the activation energy is significantly less than the known 
bond energy or energy barrier at the appropriate temperature. 
This serves to dramatically accelerate the reaction, instead of 

rate constants or thermodynamic properties. Bittker 5 published a 
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slowing it down, as would occur if it were in the fall off re- 
gion, and when Ea is less than HEX,,, it also appears to vio- 
late with thermodynamics. The excep ion, where one would expect 
to have a lower Ea is only if one were Well away from the high- 
pressure limit, implying a much lower Arrhenius A factor. The 
unrealistic combinatiohn of a high A and low Ea serves to dramat- 
ically, but erronously, accelerate the reaction. 

In this study we focus on thermodynamic and kinetic analysis 
for reaction paths of cyclopentadiene and cyclopentadienyl 
radical with 02, 0 and H atoms, in addition to OH and HO radi- 
cal. These reaction paths are radical combination or addition to 
unsaturated bonds in the cyclopentadienyl ring which form ener- 
gized complexes that can react back to reactants or to low energy 
products before being collisionally stabilized. We treat all of 
these reactions wittlthe bimolecular Quantum Rice Ramsperger 
Kassel Theory (QRRK) . We also treat dissociation of the com- 
plexes which become stabilized with unimolecular QRFUZ theory to 
account for collisional fall-off at temperatures of the experi- 
mental data we are modeling. Required thermodynamic properti 
for the radical intermediates were calculated using the T H E W  
computer code. 

Metathesis reactions of cyclopentadiene with H, OH, HO , 
phenyl, phenoxy, and alkyl radicals all serve to abstract tie 
weak allylic hydrogen and form the resonantly stabilized radical. 
These react'ions are relatively fast at combustion temperatures 
and serve to form and maintain a relatively high concentration of 
Cycpdj, which remains in thermal equilibrium with the rest of the 
radical pool. clearly when the Cycpdj builds up in concentration 
the reverse reactions become important. The abstraction reac- 
tions, therefore, serve to shuttle the H atoms back and forth 
between resonantly stabilized and other species with relative 
concentrations controlled more by thermodynamics (equilibrium) 
than by kinetics. We propose that radical addition and combina- 
tion reactions involving these resonantly stabilized species play 
a major role in the oxidation loss processes of benzene. 

Addition Reactions of H, OH, and 0 atoms to Cyclopentadiene 

The addition of a radical such as OH or H to the parent 
Cycpd forms an energized adduct, which can decompose to lower 
energy, non-cyclic products by Beta Scission (B c) reactions, 
dissociate back to reactants or be collisionalfy stabilized. 
There are two sites that a radical can add to the CyCpd molecule, 
the 1 or the 2 position, where the 5 position is carbon with 2 
hydrogens. If a radical or atom adds to the 1 position, a radi- 
cal is formed at the 2 position, which can B, the allylic carbon - carbon bond, opening the 5 member ring and forming a stabilized 
radical. If an atom or radical adds to the 2 position a radical 
is formed at the 1 position, which Bsc a vinylic carbon-carbon 
bond opening the ring and forming a vinylic radical. The forma- 
tion of a vinylic radical is less thermodynamically favored, but 
the vinylic radical, if formed, will rapidly decompose, unimolec- 
ularly, by a series of scission reactions to acetylene plus a 

PI 
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radical. 

The example of H atom adding to the double bond of Cycpd at 
the 1 position is shown in Figure 1. Here the cyclic radical can 
decompose to a lower energy linear C dienyl radical, which also 
has a large amount of resonance sta%ilization and is therefore 
not highly reactive. The addition of H atoms to the 2 position in 
the ring results in a non-resonantly stabilized cyclic radical, 
which can either dissociate back to reactants or undergo ring 
opening to form a 1,4-pentadiene-l-radical (vinylic) that will 
rapidly dissociate to acetylene and the relatively stable allyl 
radical. Thus the more energetic pathway, aalthough slower, 
serves, essentially, as an irreversible sink and is important. 

The addition of OH to Cyclopentadiene (Fig 2) at the 2 
position forms a radical at the 3 position (carbon adjacent to 
the CH group). This radical will either dissociate back to 
initial reactants or B a carbon-carbon bond to form a vinylic 
alcohol labeled C*CCOH@C. ( *  denotes a double bond). This will 
either react back to the cyclic radical, beta scission to an 
endothermic channel forming acetylene and a resonantly stabilized 
primary alcohol radical of propenol as labeled in channel 3 .  An 
alternate reaction path of the linear C5 vinyl radical, however, 
is a hydrogen shift from the alcohol to the vinyl group with the 
oxy  radical then initiating the scission reaction to either vinyl 
+ propene aldehyde or C*C(C*O)C*C + H. These carbonyl products 
will eventually react to CO + unsaturated C2 and CH3 hydrocar- 
bons. OH adding to the 1 position will allow Bsc of an allylic 
C-C bond to form C.C*CC*COH which is equivalent to C*CC*CC.OH, 
and will beta scission to C*CC*CC*O + H. This linear unsaturat- 
ed C5H60 will lose the carbonyl H atom (abstraction) and break 
down to acetylenes plus CO. Reactions of 0 atoms with CyCPD are 
also very important. 

Reactions of cyclopentadienyl Radical (CyCpdj) 

In the benzene oxidation mechanism we have assemble$, the 
reaction of cycpdj + H02 is one of the most important chain 
branching reactions. These two radicals build up to relatively 
high concentrations at temperatures of the experiments we are 
modeling (ca 1000 - 1200 K), and this reaction is, therefore, 
important to reducing both radical concentratidns. The potential 
energy level diagram illustrated in Figure 3 shows that combina- 
tion of the two radicals can form a hot cyclopentadienyl hydrop- 
eroxide which will rapidly dissociate either back to reactants or 
to cyclopentadienyl-oxy (Cpd-oxy) radical + OH, with the products 
favored at these temperatures due to slightly lower exit barrier 
and the increased entropy. The OH product is also more reactive 
than H02, further accelerating the overall reaction via abstrac- 
tion reactions. 

The Cpd-oxy radical will undergo rapid unimolecular dissoci- 
ation at these temperatures via two low energy pathways shown in 
Figure 4 .  One path forms a cyclopentadienyl ketone + H atom, and 
the second opens the ring to a vinylic pentadienyl aldehyde 

CyCpdj + HO 

I 
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radical. This will undergo rapid internal abstraction of the 
carbonylic hydrogen to form the resonantly stabilized complex 
shown in figure 4. The carbonyl radical formed will dissociate 
to co plus a butadienyl radical which will further dissociate to 
acetylene + vinyl. 

We note that the above Cpd-oxy radical (adduct) is also 
formed directly from the combination of 0 atoms with CyCpdj, but 
in this case, the adduct formed (initially) has 50 kcal/mole more 
energy than is needed to undergo B reactions to the products in 
Fig. 4 .  This reaction is only limieed by [ O ] .  

Several of the above reaction paths including 0 atom addi- 
tion to either CyCpd or CyCpdj result in formation of cyclopen- 
tadien-one. This ketone can further react through addition of 
radical species to its unsaturated bonds, as shown in Fig. 5 for 
H atom addition. The initial adduct has enough energy to undergo 
ring opening forming a stabilized carbonyl radical, which will 
further decompose by unimolecular reaction to CO + butadienyl 
radical. 

We have treated the e reaction systems with the bimolecular 
QRRK formalism of Dean” to determine the apparent reaction rate 
constants to each channel including the stabilized adducts. Input 
parameters for the QRRK calculation are listed in below for 
reaction illustrated in Fig 5. 

k 
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SOOT DEPOSITION FROM ETHYLENE/AIR FLAMES AND THE ROLE OF AROMATIC 
INTERMEDIATES. Joanne M. Smedley and Alan Wi l l iams.  Department o f  Fuel 
and Energy, Leeds Un ivers i ty ,  Leeds, LS2 9JT, UK. 

ABSTRACT 

The fo rmat ion  o f  soot i s  o f  i n t e r e s t  as a p o l l u t a n t  b u t  a l s o  because i t  forms 
depos i ts  i n  combustion chambers. I n  t h i s  work a McKenna f l a t  flame, water-  
cooled, premixed burner was used t o  study soot d e p o s i t i o n  f rom two r i c h  
e thy lene/a i r  flames (qi = 2.52, qi = 2 . 7 6 ) .  Rates o f  soot depos i t ion  f o r  bo th  
cooled copper and uncooled s t a i n l e s s  s t e e l  surfaces were inves t iga ted .  Soot 
samples f rom these experiments were analysed f o r  PAH by so lvent  e x t r a c t i o n .  
Temperature p r o f i l e s  were taken using Pt/Pt 13% Rh thermocouples. A quar tz  
microprobe sampling system was used i n  conjunct ion '  w i t h  a gas chromatograph t o  
determine t h e  concent ra t ion  p r o f i l e s  o f  aromatic and polyaromat ic species i n  t h e  
depos i t ion  reg ion .  Experimental r e s u l t s  i n d i c a t e  t h a t  soot d e p o s i t i o n  occurs by 
a thermophoret ic mechanism when cooled surfaces are  used and t h a t  soot d e p o s i t i o n  
r a t e s  increase as samples are  taken f u r t h e r  i n  t h e  f lame zone. I f  uncooled 
surfaces are  used then d i r e c t  surface depos i t ion  takes p lace.  The chemical 
mechanisms invo lved are discussed. 

INTRODUCTION 

The fo rmat ion  and depos i t ion  o f  soot i n  any combustion system i s  undesirable.  
Soot depos i ts  can have adverse e f f e c t s  on heat t r a n s f e r  c h a r a c t e r i s t i c s  o r  
combustion behaviour which can cause performance o r  f a i l u r e  problems i n  a range 
o f  systems from rocket  engines t o  d i e s e l s .  The emission o f  soot p a r t i c l e s  from 
combustion chambers i n t o  the  atmosphere i s  a l s o  o f  environmental concern due t o  
the  f a c t  t h a t  soot p a r t i c l e s '  can conta in  s i g n i f i c a n t  concent ra t ions  o f  PAH. 
There i s  thus a need t o  accura te ly  p r e d i c t  under what cond i t ions  soot fo rmat ion  
w i l l  occur and t o  q u a n t i f y  the  amount o f  soot deposi ted i n  any p a r t  o f  a 
combustion system. 

Over recent  years more progress has been made i n  understanding the  chemical r o u t e  
o f  soot format ion b u t  work i n  t h i s  area i s  d i f f i c u l t  due t o  the  complex 
i n t e r a c t i o n  o f  aromatic species i n  soot ing  flames ( 1 - 5 ) .  H a r r i s  e t  a1 ( 1 )  have 
attempted t o  model s i n g l e  r i n g  aromat ic species b u t  have o n l y  succeeded i n  
model l ing benzene because o f  the  complexi ty of the  subsequent growth steps. They 
encountered the  problem t h a t  most o f  t h e  r a t e  constant data must be est imated 
since absolute values are  no t  ava i lab le .  Minor species such as C,H, have been 
accura te ly  modelled by M i l l e r  e t  a1 ( 2 )  and H a r r i s  e t  a1 (3 )  as more r e l i a b l e  
data a re  a v a i l a b l e  f o r  these species. Even though these models e x i s t ,  many gaps 
remain i n  the  mechanism o f  the  subsequent steps lead ing  t o  soot format ion.  
Whi ls t  acetylene i s  recognised as a major growth species the-e i s  u n c e r t a i n t y  
about the  l e v e l  o f  p a r t i c i p a t i o n  o f  t h e  PAH species. Soot d e p o s i t i o n  onto a 
cooled surface has been r e c e n t l y  i n v e s t i g a t e d  by Make1 and Kennedy (4)  using a 
l a s e r  d i a g n o s t i c  technique t o  measure soot depos i t  th ickness and f r e e  stream soot 
concentrat ions.  A numerical model t o  make p r e d i c t i o n s  o f  soot d e p o s i t i o n  r a t e  
was a lso  developed by them. 

EXPERIMENTAL METHODS 

Two r i c h  e thy lene/a i r  flames (qi = 2.52 and qi = 2.76)  were s tud ied  us ing  a f l a t  
flame, water-cooled, premixed burner (McKenna Indus t r ies ) .  The gas f lows i n  
l i t r e s / m i n u t e  f o r  the  4 = 2.52 f lame were 0, = 2.22, N, = 8.36 ,  C,H, = 1 . 7 9  and 
the  f lows f o r  t h e  4 = 2.76 flame were 0 - 2.36, N, = 8.90 ,  C,H, = 2.09 .  To 
i n v e s t i g a t e  soot depos i t ion  r a t e s  an uncoo5ed s t a i n l e s s  s tee l  p l a t e  and a cooled 
copper p l a t e  were used t o  support s t a i n l e s s  s t e e l  and copper sample squares 
r e s p e c t i v e l y  w i t h i n  the  flame. The sample p l a t e  dimensions were approximately 
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10 mm x 10 mm x 2 mm. Four flame heights  were of i n t e r e s t ,  these were 5, 10, 15 
and 20 mm above the  burner surface. A t  each height weighed sample p la tes  were 
inser ted in to  the  flame f o r  in te rva ls  of 15 seconds (from 15 t o  75 seconds) and 
were reweighed a f t e r  t o  give the  weight of soot produced. 

The PAH content of some of the  soot col lected was determined using a solvent 
extract ion process. Deposited soot from the metal p la te  and f r e e  steam soot 
which was co l lec ted  on a Whatman g l a s s  microf i l te r  GF/C paper from both flames 
was analysed using a pyrolysis chromatography. A Perkin Elmer 8320 gas 
chromatograph f i t t e d  w i t h  a Quadrax 007' s e r i e s  fused s i l i c a  capi l la ry  column was 
coupled w i t h  a CDS Pyroprobe t o  desorb hydrocarbons from the soot. Approximately 
2.5 mg of soot i s  heated a t  a r a t e  of 0.1.C per millisecond up t o  600'C. A 
quartz  microprobe with a 6 mm outs ide diameter s imi la r  t o  t h a t  used by Harris e t  
a1 (3) was used t o  obtain gas samples a t  various heights above the burner surface 
and a syringe method was used t o  t r a n s f e r  samples in to  a gas chromatograph 
(Perkin Elmer 8700 gas  chromatograph f i t t e d  with a J & W megabore GS-Q column). 

RESULTS AND DISCUSSION 

Soot DeDosition 

Figures 1 and 2 give typical  experimental data  for  the r a t e  of soot deposition 
f o r  the uncooled and cooled p la tes .  In these each l i n e  represents d i f fe ren t  
sampling heights above the  burner. As expected the  deposition r a t e  of soot 
increases on an uncooled s ta in less  s tee l  p la te  as t h e  plate  i s  moved ver t ica l ly  
away from the burner surface.  However the deposition r a t e  of soot a t  20 mm above 
the burner surface i s  l e s s  than the deposition r a t e  a t  15 mm above the burner 
surface when the  water cooled copper p l a t e  i s  used. This was found t o  occur i n  
both flames (6 = 2 . 5 2  and 6 = 2.76) .  I t  has been observed tha t  the ul t imate  soot 
load on sample squares i s  approximately 0.7 mg regardless which p l a t e  i s  used. 
For the uncooled p l a t e  a 0.7 mg soot load occurs a t  20 mm b u t  when using the 
water cooled p l a t e  a soot loading of 0.7 mg i s  achieved a t  15 mm when both had 75 
seconds exposure in t h e  flame. I t  i s  thought t h a t  above 0.7 mg the soot  load i s  
too great  and the  soot  breaks off  and i s  dispersed back into the flame. This i s  
why a reduced soot deposi t ion r a t e  is  seen f o r  the  20 mm height samples when 
using the water-cooled p la te .  In general ,  f o r  both p la tes  the soot deposition 
r a t e s  are  grea te r  f o r  the 4 = 2.76 flame a t  a l l  heights than f o r  t h e  6 = 2.52 
flame. The exception f o r  the  metal p la te  i s  a t  20 mm. Similar ra tes  a re  
experienced f o r  both flames a t  t h i s  height and this again suggests t h a t  there  i s  
a l imi t  t o  the  amount of soot  t h a t  can be deposited under these conditions. 

When comparing the  r e s u l t s  from the uncooled p la te  and water cooled p l a t e  f o r  4 = 
2.52 flame i t  can be seen t h e  soot deposition r a t e  a t  10 mm above the  burner 
surface f o r  the uncooled p l a t e  i s  much l e s s  than the soot deposition a t  the same 
height f o r  the  cooled p la te .  For example, a t  75 seconds a soot load of under 0.1 
mg i s  recorded for  the uncooled p la te .  Whereas on t h e  water cooled p l a t e  a soot 
load of approximately 0.4 mg i s  recorded a t  75 seconds. The.same i s  noticed a t  
15 mm above the burner surface a t  75 seconds. The uncooled p la te  has a soot load 
of 0.4 mg while the  cooled p l a t e  has a soot load of 0.55 mg. This is  consis tent  
w i t h  the thermophoretic t ranspor t  o f  soot par t ic les .  From the r e s u l t s  i t  a l so  
seems tha t  thermophoresis i s  more prominent a t  lower regions i n  the  flame. This 
may be because the soot  p a r t i c l e s  a re  smaller e a r l i e r  in the  flame and as they 
become la rger  l a t e r  thermophoresis has l e s s  influence on the movement of the soot 
par t ic les .  Make1 and Kennedy ( 4 )  assumed tha t  thermophoresis was t h e  primary 
t ransport  process f o r  soot p a r t i c l e s  (-10 - 100 nm in diameter) although no 
allowance was made f o r  var ia t ion  i n  p a r t i c l e  s i z e .  He a lso  experienced the  
process of resuspension when the  soot load increases  t o  a cer ta in  l i m i t .  This 
was incorporated i n t o  h is  model t o  t r y  and determine t h e  f ina l  soot loading. 
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The soot  mass f lux  t o  the surface can be expressed (4) as  

I 

! 

I 

where p, i s  the  p a r t i c l e  densi ty  (1900 kg/m3), #,j  i s  the  soot volume f rac t ion  a t  
the edge of the  diffusion sublayer and the deposi t  veloci ty ,  V,, i s  equal t o  the 
thermophoretic d r i f t  velocity;V,, given by 

V, = - 0.55  Y d (anT)/dy ( 2 )  

where Y i s  the  v iscos i ty  and which i s  la rge ly  determined by the temperature 
gradient  . 
Experimental deposition r a t e s  were found t o  be 1 x lo-, mg cm2 s a t  15 mm above 

uncooled metal p la te .  This i s  consis tent  with Make1 and Kennedy's experimental 
data although they used a water-cooled cyl inder  t o  c o l l e c t  t h e i r  samples. The 
calculated deposition value f o r  our experiments using t h e i r  theory is  1 . 2  x 
mg/cm2 s f o r  the water-cooled p la te  and 0 . 6  x mg/cm2 s f o r  the uncooled 
plates .  The agreement i s  excel lent .  

PAH Content of the Soots 

Deposited soot samples a t  20 mm above the burner were col lected from both flames 
a f t e r  75 seconds exposure within the flame. These soot samples were analysed in 
the Pyroprobe apparatus. Some r e s u l t s  from t h i s  experiment are  shown i n  Figures 
3 and 4 .  Most of the  peaks in the  chromatograph were ident i f ied  using a standard 
PAH mixture o r  by using retent ion indices  ( 5 - 7 ) .  The major peaks a re  ident i f ied  
i n  Fig. 3. The gas chromatograph r e s u l t s  f o r  both the flames studied were very 
s imilar .  Generally each PAH component was found i n  g rea te r  quant i t ies  in the 
r icher  4 = 2.76 flame. The 4 = 2.52 flame contained much more v o l a t i l e  material 
which i s  expelled from the soot very ear ly  and i s  the  f i r s t  peak. The 4 = 2.52 
also contained more amounts of the la rger  components such as benzopyrenes and 
other  5-ring compounds which occur in the  l a t t e r  par t  of t h e  chromatogram. 
Larger ring compounds also e x i s t  in both flames. 

Free stream soot samples were col lected on t o  Whatman g lass  microfibre f i l t e r s  
were a l s o  analysed using the Pyroprobe system. Results from the 4 = 2.76 flame 
are  shown i n  Figure 4a. The co l lec t ing  conditions f o r  the f ree  stream soot a re  
ident ical  t o  those quoted above f o r  the  deposited soot samples. When comparing 
the r e s u l t s  from the  f r e e  stream.soot and the  r e s u l t s  f o r  the  soot deposited on 
the uncooled p la te  (Figure 4b) i t  i s  noted t h a t  the  f ree  stream soot  always 
contains grea te r  amounts of the 2 and 3 ring compounds such as  acenaphthylene and 
the deposited soot always contains la rger  amounts of the 4 and 5 r ing compounds 
l i k e  pyrene and also 6 and 7-ring compounds. This may be because t h e  f i l t e r  
paper col lect ion i s  a t  a lower temperature which favours the  absorption of the 
smaller v o l a t i l e  gas phase mater ia l .  I f  this is  not the  case there  a r e  important 
implications t o  the a b i l i t y  of soot t o  have varying compositions depending on 
whether i t  i s  in the gas phase o r  deposited on a surface.  

Soot Formation S t e m  

Figure 5 shows the gas composition prof i les  obtained using the quartz  probe 
sampling system. The react ion zone (based on 0, decay) i s  qu i te  extended. 
Figure 6 shows prof i les  of some aromatic species and t h e i r  precursors. The 
r e s u l t s  show t h a t  a s  combustion takes place C,H, and 0 a re  depleted. In Fig. 6 
i t  can be seen t h a t  C,H, peaks a t  about 5 mm above t h e  burner a f t e r  which i t  
lave ls  off  t o  a f a i r l y  constant value between 10 and 20 mm. C,H6 r i s e s  gradually 
a t  about 6 mm and begins t o  f a l l  a t  12 mm. I n i t i a l l y  there  was more C6H6 in the 
4 - 2.52  flame but a t  20 mm there  was more in the 4 = 2.76 flame. Laser beam 
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a t tenua t ion  s tud ies  a t  670 nm ind i ca ted  t h a t  soot format ion began a t  6 nun above 
the  burner. i s  
produced as w e l l  as soot ;  t h i s  i s  cons i s ten t  w i t h  the  f a c i  t h a t  C,H, i s  invoaved 
i n  C,H, formation and i t  i s  genera l l y  considered t h a t  CzHz i s  an impor tant  
precursor  t o  soot format ion.  CtH, and C,H, f a l l  as soot i s  formed and other  
l a r g e r  hydrocarbons a re  produced i n  the flame. I n  F ig .  5 both CO and H increase 
g radua l l y  as the  probe i s  moved away from the  burner surface. I t  was bound t h a t  
H, was i n  g rea te r  concen t ra t i on  i n  the  4 = 2.52  flame and CO was i n  a h igher  
concentrat ion i n i t i a l l y .  0, was only  found i n  small  amounts i n  the  4 = 2.52 
f lame. These increase as combustion takes p lace and are products  o f  ox ida t i on  
reac t i ons .  These t rends  were seen by H a r r i s  (3) e t  a1 bu t  they o n l y  probed t o  
about 3 mm above burner  so they d i d  n o t  observe the f a l l  i n  C,H, and C,H, i n  the 
l a t e r  p a r t  o f  the f lame. M i l l e r  (2)  e t  a1 however undertook experiments up t o  
22.5 mm and a l s o  found s i m i l a r  p r o f i l e s  f o r  CO, 0, and H,. 

The mechanism o f  soot  f o rma t ion  from an ethy lene f lame invo lves  the format ion o f  
acetylene and i t s  po l ymer i sa t i on  t o  s i n g l e  and then m u l t i - r i n g  species. The 
subsequent growth o f  t h e  i n i t i a l  soot p a r t i c l e s  invo lves sur face growth i n v o l v i n g  
acetylene and polyaromat ic  species the r e l a t i v e  ex ten t  o f  them being subject  t o  
d i f f e r e n t  i n t e r p r e t a t i o n  (eg. 5,  8 and 9 ) .  I n  the f r e e  stream soot samples taken 
here the product  i n v o l v e s  soot p a r t i c l e s ,  sur face adsorbed PAH and gas phase PAH. 
However the deposi ted samples can on ly  con ta in  PAH associated w i t h  t h e  soot 
p a r t i c l e s  as adsorbed o r  growth species. The deposi ted samples are s i g n i f i c a n t l y  
d i f f e r e n t  t o  the f r e e  stream soot i n  t h a t  t he  dominant PAH species are the 4t 
r i n g  species and sma l le r  species are present  i n  lower  concentrat ions.  

The suggestion must be i m p l i c i t  i n  these f i n d i n g s  t h a t  the acety lene grows on the  
soot surface genera t i ng  m u l t i - r i n g  compounds the re  which u l t i m a t e l y  become p a r t  
o f  the soot p a r t i c l e .  During p y r o l y s i s  gc these compounds are desorbed as shown 
i n  the experimental r e s u l t s .  

CONCLUSIONS 

From t h e  r e s u l t s  i t  can be seen t h a t  as C H, i s  consumed C,H 

The depos i t i on  r a t e  o f  soot increases w i t h  he igh t  above the burner  sur face 
(up t o  20 mm) and sampling t ime (up t o  75 seconds). More soot i s  deposi ted 
as 4 i s  increased, but the re  seems t o  be a l i m i t  i n  t he  amount o f  soot  t h a t  
can be deposi ted rega rd less  o f  the method o f  depos i t i on  because o f  soot break 
o f f  a t  r e l a t i v e l y  l o w  loadings.  

There i s  evidence t h a t  thermophoresis i s  i nvo l ved  i n  soot depos i t i on  on t o  a 
cooled p l a t e  and t h a t  i t  i s  more dominant e a r l i e r  i n  t h e  f lame when soot 
p a r t i c l e s  are sma l le r .  The measured r a t e s  are cons is ten t  w i t h  the values 
ca l cu la ted  us ing t h e  model proposed by Make1 and Kennedy. 

Soot samples from t h e  uncooled metal p l a t e  con ta in  l a r g e  aromatic compounds 
w i th  4 and 5 and l a r g e r  r i n g s .  'The 4 = 2.52 had a h ighe r  concentrat ion o f  
some of  these compounds. 

Free stream soot samples conta in  a h ighe r  concen t ra t i on  o f  2 and 3 r i n g  
aromatics than deposi ted soot. Higher  concentrat ions o f  4 and 5 r i n g  
aromatics were found i n  the  deposi ted soot f o r  t he  same cond i t i ons .  This  
imp l i es  t h a t  these compounds are imp l i ca ted  i n  the soot growth mechanism. 
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INTRODUCTION 

In this manuscript, we discuss the the reaction mechanism responsible for the formation and growth of 
polycyclic aromatic hydrocarbons (PAHs) and subsequent nucleation and growth of soot particles in 
combustion of hydrocarbon fuels. The discussion is based on the results of a detailed chemical kinetic 
study,' and we refer the reader to this reference for the computational details. Here, we focus on the 
principal reaction pathways and mechanistic features identified in the analysis. 

OVERALL PROCESS 

The overall model of mot formation can be thought of as consisting of four major processes: initial 
PAH formation, which includes the formation of the fmt aromatic ring in an aliphatic system; planar 
PAH growth, comprised of replicating-type growth; particle nucleation, consisting of coalescence of 
PAHs into three-dimensional clusters: and padcle growth by coagulation and surface reactions of the 
forming clusters and particles. Our primary attention in this discussion is on the last three processes, 
although some comments are pertinent concerning the formation of the first aromatic ring. 

Formation of the First Aromatic Ring 

The formation of the first aromatic ring in flames of nonaromatic fuels begins usually with vinyl 
addition to acetylene. At high temperatures, it forms vinylacetylene followed by acetylene addition to 
n-C4H3 radical formed by the H-absuaction from the vinylacetylene (Fig. 1). At low temperatures, the 
addition of acetylene to vinyl results in n-QH5, which upon addition of acetylene produces benzene. 
Benzene and phenyl are converted to one another by the H-abstraction reaction and its reverse. 

high-ternperam route. 

+ H  
C4H4 + n-C4H3 + 

- H2 t 

low-temperature route 

Figure 1. Formation of the fmt aromatic ring 
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In a recent review article on chemical kinetics and combustion modeling, Miller, Kee and 
Westbrook2 suggested that the above cyclization reactions cannot be responsible for the formation of 
the first aromatic ring because the concenmtions of n-C4H3 and ~ H s  radicals should be low since 
the reactions 

H + & H 3  H+i-Cd-I3 (1) 
H + a 3  S H + i C q H 3  (2) 

deplete the concentrations of the n-isomers required for the cyclizations. Reactions (1) and (2) were 
not included in our model. Our computational results indicated that the n- and &isomers are already 
equilibrated by several other reactions in the system. Nonetheless, to test the Miller et al.‘s suggestion, 
we performed additional simulations of the three laminar premixed flames we analyzed previous~y.~J 
The reactions (1) and (2) were now included in the simulations assuming rate coefficients lxlO14 mol 
cm-3s-1 for the exothermic directions. The results of these simulations for all the three flames tested in 
Refs. 3 indicated that the inclusion of reactions (1) and (2) - even with upper-limit rate coefficient 
values -does not make a difference on the computed profile of benzene. 

As an alternative, Miller et al.2 suggested that benzene is formed by combination of propargyl 
radicals producing benzene or phenyl. A similar proposal was made by Stein et aL4 Figures 2 and 3 
show the results of flame simulations with reaction 

C3H3 + C3H3 S 0 (3) 

included with the rate coefficient of 5 ~ 1 0 ~ 2  molcm-3 s-1 suggested by Stein et aL4 Analysis of these 
results indicate that the inclusion of cyclization channel (3) does not always increase the production 
rate of benzene, as clearly shown in Fig. 2 for the flame conditions of Harris and co-w0rkexs.~ For 
the conditions of the Westmoreland’s flame? the inclusion of reaction (3) significantly overpredicts the 
amount of benzene determined experimentally (Fig. 3). This is clearly a challenging issue, as the 
reaction chemistry of C3Hx species is not well known. 

m 

a, 

0 
e 

0.1 0.2 0.3 0.4 IO-’ 

Height above b u r n e r  (cm) 

Figure 2. Benzene mole fraction: circles - experimental dab5 solid line - computed with the 
mechanism used in Refs. 1 and 3, dotted line - computed with reaction (3) included 
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Height above burner (cm) 

I 

Figure 3. Benzene mole fraction: circles -experimental data;6 solid line - computed with the 
mechanism used in Refs. 1 and 3; dashed and dotted lines - computed with reaction 
(3) included, dotted line represents the result computed with the mechanism tuned to 
fit the experimental C3H3 profile 

Growth of the Aromatic Rings 

Once formed, aromatic rings grow by a sequential two-step process: H-abstraction which activates the 
aromatic molecules, and acetylene addition which propagates molecular growth and cyclization of PAHs 
(Fig. 4). 

1. GHZ 

Figure 4. H-abstraction-C2H2-addition reaction pathway of PAH growth 

Starting with an aromatic fuel, a “direct’%ondensation of intact aromatic rings becomes important. For 
example, in the case of high-temperature pyrolysis of benzene the reactions shown in Fig. 5 were 
found to dominate the initial stages of PAH growth.7 
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Figure. 5. PAH growth initiated by aromatics “condensation” 

However, as the reaction progresses, the initial benzene molecules decompose, primarily forming 
acetylene. As the concentration of acetylene approaches that of benzene, which occurs shortly after the 
initial period, the PAH growth switches to the acetylene-addition mechanism discussed above for 
nonaromatic fuels. In other words, the reaction system relaxes to the acetylene-addition pathway. The 
relaxation is faster in oxidation* as compared to pyrolysis and in mixtures of hydrocarbond as 
compared to individual fuels. 

Some of the acetylene addition reactions in the PAH growth sequence fonn particularly stable 
aromatic molecules, like pyrene, coronene, etc. The change of the free energy in these reactions is so 
large that the reactions become practically irreversible. This, in turn, has an effect of “pulling” the 
reaction sequence forward, towards fonnation of larger PAH molecules. Other acetylene addition steps 
are highly reversible, is., the rate of the forward reaction is nearly balanced by the rate of the reverse 
reaction. These steps with tightly balanced reaction fluxes create a thermodynamic banier to PAH 
growth. It is this thermodynamic “resistance” which is responsible for the appearance of most stable, 
condensed aromatic structms, as opposite to open shell carbon clusters leading to fullerenes.10 For 
instance, due to small differences in reaction enthalpies, the reaction flux from phenanthrene to 
benzo[ghi]perylene shown on the left of Fig. 6 was computedll to be faster by an order of magnitude 
than the one on the right hand side of Fig. 6. 

The main kinetic features of PAH growth after a certain PAH size, b can be schematically 
represented by the following set of reactions12 

where Ai  denotes an aromatic molecule containing i fused aromatic rings (i = &, 6+1, ..., -), Ap is 
an aromatic radical formed by the abstraction of an H atom from Ai, and AiC2Hp is a radical formed 
by the addition of C2H2 to Ai.. It is assumed that reactions (5) and (6) are reversible and reaction 
step (6) is irreversible. The rate of PAH mass accumulation is proportional to 
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where t is the reaction time, ro is the rate of irreversible formation of A b  by initiation reactions, kj is 
the rate coefficient of the j t h  reaction, and Kj = k,/k, is the equilibrium constant of the j t h  reaction. 

In this equation, term jr@ represents the contribution of the initiation reactions, i.e., those leading 

to the formation of fmt  few PAHs. Term &-accounts for the “equilibrium position” or, in more 

rigorous terms, reaction affmity of reaction (1); it represents the superequilibrium of H atoms - the 
fmt kinetic factor responsible for PAH growth. Term k#3H2] is the effective rate constant of the 
irreversible addition of acetylene, reaction (6), forming particular stable PAH molecules -the second 
kinetic factor responsible for PAH growth. 
thermodynamic factors, respectively, of the reversible addition of acetylene, reaction (5); the latter 
expresses the thermodynamic resistance to PAH growth. And finally, term kq[H2] accounts for the 
effective rate constant of the H-absaaction, reaction (4); to illustrate it, consider the limit of kq[H2]  --f 

0 under which condition the ratio in Eq. (7) reduces to kq[Hl. At high pressures, reaction 

WI 
[Hzl 

Terms ks[CzH2] and Ks[C2H2] specify kinetic and 

Ai*+ H Ai (8) 

should conmbute to the overall balance of the Ai* radical, and at a high concentration of hydrogen 
atoms, such that kgm] x- kq[Hz], we obtain an interesting limit of the PAH growth rate being 
independent of the H concentxation. 

1 

\ \  83 / /  

/ ‘  3 \ /  

Figure 6. Comparison of two pathways of PAH growth. 
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An additional kinetic factor, k9[@]. where k9 is the rate coefficient of oxidation reaction 

Aryl. + 9 + products, (9) 

is introduced in oxidative environments. Although many oxidative reaction channels are possible, it 
appeared, as a result of our kinetic analysis of shock-tube oxidations and flame13 environments, that 
PAH removal by oxidation occurs predominantly via molecular oxygen attack on aromatic radicals. 
Also, due to similar reactions of @ with CzH3 and C4H3 radicals (and of OH with CzHz, etc.), the 
concentrations of these critical intermediates are decreased. which in turn reduces the formation rate of 
the first aromatic ring. At the same time, the presence of @ in the mixture has a promoting effect on 
aromatics formation because of the accelerated chain branching leading to enhanced fuel pyrolysis and 
thus increased production of critical intermediates and hydrogen atoms. The balance of all of these 
factors determines the net effect of oxygen addition. 

Nucleation and Growth of Soot Particles 

We have developed a detailed kinetic model of soot particle formation and growth in the following 
manner. The formed PAH species were allowed to coagulate, that is, all the Ai’s (i = 4, 5, ..., -) 
collide with each other forming dimers; the dimers, in turn, collide with Ai forming trimers or with 
other dimers forming tetramers; and so on. The coalescence reactions were treated as irreversible 
having sticking coefficients of unity. As the focus of this work is on very young, small particles, it 
was assumed that the coagulation dynamics is in the free-molecular regime. 

add and lose mass by surface reactions 
Beginning with the dimers, the forming clusters were assumed to be “solid phase” and allowed to 

where C,(-H represents an ann-chair site on the soot particle surface and (2-0 the corresponding 
radical. This mechanism is adopted based on the p o ~ t u l a t e l . ~ ~  that the H-abstraction/CzHz-ddition 
reaction sequenceabove is responsible for high-temperature. growth of all forms of carbonaceous 
materials. Following this postulate, the rate coefficients of the heterogeneous reactions (10)-(15) were 
estimated based on analogous gas-phase reactions of one-ring aromatics, benzene and phenyl. In doing 
so, it was assumed that collision efficiencies on a per-site basis are the same for both gas-phase and 
gas-solid reactions. The particle dynamics - the evolution of soot particles undergoing simultaneous 
nucleation, coagulation and surface reactions described above - was modeled by a method of moments 
which does not require the assumption of a particle size distribution function. 

The model predictions were found’ in rektively close agrement with experiment for such 
properties as soot particle number density, specific surface area, average soot particle diameter, and 
laser-light scattering moments for the initial, particle inception part of several simulated laminar 
premixed flames. The reliability of the model was further supponed by the facts that the computed net 
surface growth rate is in close agreement with that determined by Harris and Weinerls and that the 
predicted rate of soot oxidation by 9 agrees well with the expression of Nagle and Strickland- 
ConstabIe.16 
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some major results of this modeling study’ are summarized below: 

(i) The computed rate of nucleation is balanced by the rate of coagulation throughout the particle 
inception zone, however, the nucleation rate decays more slowly with flame height than is usually 
deduced from experiment; 

Particle inception is primarily determined by PAH coagulation, initiated and controlled by PAH 
coalescence into dimers. For instance, excluding all surface processes results in a substantial 
decrease of the particle mass but does not really change the order of magnitude of the particle 
size. In other words, the particle size is essentially determined by coagulation; 

(ii) 

(iii) While the average soot particle is computed to contain Id- l@ carbon atoms, the corresponding 
average PAH size is only 20 to 50 carbon atoms. This indicates that the crystallites comprising 

against the proposal that soot is formed via spheroidal, polyhedral carbon clusters; 

(iv) The oxidation by OH and 02 is quite insignificant in  the post-flame zone; 

1 incipient soot particles should be on the order of 7 to 12 A, in agreement with experiment17 and 

I 

I 

(v) The surface growth of soot mass is primarily determined by two processes: acetylene addition via 
the H-absaaction/C2H2-addition reaction sequence, and PAH condensation on the particle surface. 
The relative contribution of each of these processes appears to change with experimental 
conditions. Thus, while the acetylene addition dominates surface growth in an atmospheric 
ethylene flame of Harris et al.? PAH condensation prevails in a low-pressure acetylene flame of 
Bockhorn and co-workers.** The main contribution of the PAH condensation occurs at the early 
stages of PAH coagulation; 

(vi) The model predicts the classical smcture of soot particles: a less dense particle core, composed of 
randomly oriented PAH oligomers, and a more dense concentrically-arranged particle shell; 

(vii) Surface processes can be understood in terms of elementary chemical reactions of surface active 
sites. The number density of these sites is determined by the chemical environment. 
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Abstract 

It has been noted for some years that the concentrations of many species in laminar 
hydrocarbon diffusion flames correlate with mixture fraction, or alternatively, local equivalence ratio. 
Therefore, once the spatial profile for the mixture fraction is established, it is possible to approximate 
both the concentration and net chemical rate profiles for a great many flame species. However, some 
species exhibit concentration gradients along contours of constant mixture fraction in a flame. The 
results of our past work show that most of the species along the chemical pathway leading to soot 
particle formation in diffusion flames, including all of the Polynuclear Aromatic Hydrocarbons, exhibit 
this type of behaviour. For these species, it is necessary to consider not only the chemistly of the 
growth environment, which may be adequately described by the mixture fraction, but also the 
residence time within the growth region. This paper will describe how such a model could be 
expressed, and present some initial comparisons with laboratory flame data. 

Introduction 

The earliest mathematical treatment of diffusion flame structure was that of Burke and 
Schumann [l]. Although incremental improvements to the Burke-Schumann model have been made 
over the years, it was not until recently that a new and more realistic approach to thinking about 
diffusion flame structure could be formulated. This can be traced to two improvements: the evolution 
of powerful computers and the development of the conserved scalar description of flame structure. 
The former has provided the capacity for the calculation of the two-dimensional structure, including 
up to C, chemistry, for laminar diffusion flames. The latter provides a framework for the 
development of simplification schemes for flame structure calculations. 

In general, t o  compute the structure of a laminar diffusion flame requires the simultaneous 
solution of the energy, momentum, and species conservation equations. The latter can be written in 
the Shvab-Zeldovich form as 121: 
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where Yi is the mass fraction of species i, wi is its chemical production rate of species i, p is the gas 
density and uk is the component of velocity in the xk coordinate. 

Chemical elements (such as C, H, and 0) are conserved during chemical reaction (L(2,) = 
0) and linear combinations of elemental abundances, such as the mixture fraction, t, will also be 
conserved [3]. 

It has been noted that the concentrations of many flame species are only a function of 
mixture fraction, Yi=f(E) [2]. For these species, since 

it follows that the chemical rate is given by 

with the instantaneous scalar dissipation rate, x ,  defined as: 

What if a species concentration is not a function of only mixture fraction? In particular, what 
if the chemistry is slow enough that transport might occur before a reaction proceeds? This is the 
case for the species along the chemical pathway leading to soot particle formation in diffusion flames, 
including all of the Polynuclear Aromatic Hydrocarbons, which exhibit concentration gradients along 
lines of constant mixture fraction [4]. For these species, it is necessary to consider not only the 
chemistry of the growth environment, which might be adequately described by the mixture fraction, 
but also the residence time within the growth region. 

If this residence time dependence is included, a more complicated version of Eq. 3 can be 
derived which has two simple limits. The first would be if the time dependence was zero. In that 
case the equation would reduce to the result of Eq. 3. The other limit would hold if thecdiffusion 
coefficient for the species under consideration were zero, or at least small enough that terms which 
include it were small with respect to the residence time dependent terms. This would be almost 
exactly true for soot particles. Even small aromatics have diffusive velocities which are small with 
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respect to their convective velocities [4]. In this latter limit, the change in a species concentration 
would be simply given by integration over the residence time. We adopt this simple view in 
formulating the model presented in the next section. 

A Model for PAH Chemistn in Laminar Diffusion Flames 

We describe below a model which describes the physical and chemical processes that affect 
PAH and soot concentrations along a stream line in a laminar methane/air diffusion flame. The 
development is similar in spirit to that presented in a recent paper by Kennedy et  al. [5]. In both 
models, soot processes are divided into three broad categories: inception, chemical growth, physical 
growth (agglomeration), and oxidation. Both assume that the rate of the soot processes depends on 
local temperature and the concentrations of major species, and these are fullydetermined by mixture 
fraction. In our model, we attempt to rationalize the choice of rates based on a knowledge of the 
fundamental chemical processes which are occurring in the flame combined with detailed measure- 
ments of species concentrations. 

Growth 
The growth chemistry in our model is based on the work of Frenklach et  al. who proposed 

a model for ring growth based on the successive addition of acetylene to a growing aromatic radical 
core [6]. This model, in various forms, has been applied to studies of PAH and soot formation in 
shock tubes and premixed flames [6-lo]. Frenklach developed a simplified version of his model to 
identify key parameters controlling PAH growth in combustion environments [lo]. We used this 
simplification to demonstrate the important role of agglomeration in PAH growth [ll]. 

In Frenklach’s simplified mechanism parent PAH, 4. are converted into a phenyl-like radical, 
Ai-, by hydrogen abstraction. The resulting radical reacts with acetylene to form a radical addition 
product 4 q H r .  A subsequent acetylene addition irreversibly forms the next largest parent PAH. 
This reaction sequence is illustrated as: 

A , + H * P A , - + H 2  (R1) 
(R2) 4- + q H 2  ?r: A&H,- 

Aic2H- + , C Y 2  + 4 t 1 ’  (R3) 
In this reaction scheme, steady-state estimates for the concentrations of 4- and A&HT can 

be derived. The rate of formation of the A,t1 PAH can therefore be written as 

where is dependent upon the concentrations of qH, ,  H,, and H: 

In our prior work, we found that agglomeration only becomes important when the reduced 
mass of the colliding pair is suitably large: greater than 400 amu. Following the lead of this earlier 
work, we here assume that an agglomeration reaction can be written as 

where the rate constant of this process will be 0 for collisions of lighter PAH and close to the gas 
kinetic limit for collisions among the heavier PAH. 

Inception 
As seen above the aromatic growth is treated as an irreversible sequence of acetylenic 

addition steps to a growing aromatic core whose source is benzene, A,. There are a number of 

4 + Aj + Ait j  (R4) 
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models for the chemistry of the formation p r o m  of benzene which involve either reactions of C, 
with C, species [6] or the reaction of two C, species [U]. It is conceivable that a simplified 
expression for this process using steady state arguments (analogous to Frenklach’s approach for ring 
growth) might be derived. If successful, such an approach would be expected to result in an 
expression for the A, inception rate which depends only on mixture fraction. However, given the 
current active debate on the mechanisms for the formation of benzene in flames, such a simplification 
may be premature. 

Fortunately, there may be another approach to deriving an inception rate. Over the past few 
years we have collected an extensive data base for species concentrations and temperature in a 
laminar methane/air diffusion flame. This data has included measurements of the concentration of 
stable species such as acetylene and molecular hydrogen [12] and has been recently extended to 
include profile measurements of radicals species [13,14]. With this data base, we have demonstrated 
how the overall rates for a species chemistry may be calculated [13]. For the initial work presented 
here, we will assume that the benzene formation rate dependence on mixture fraction is given by our 
previous results for the Wolfhard-Parker diffusion flame [13]. 

Oxifation 

In his dissertation work, McKinnon developed a comprehensive soot model which explicitly 
included a soot oxidation step 191. Based on the work of Brezinsky [17], McKinnon assumed that 
successive reaction of carbons on the PAH or soot with hydroxyl radical results in a decrease of one 
ring number for the PAH and the formation of carbon monoxide. McKinnon found that inclusion 
of the Nagle and Strickland-Constable expression for soot oxidation by molecular oxygen 
overpredicted the soot oxidation rate, and he omitted this pathway from his final model. In the initial 
steps of the current research, we will also only include oxidation of PAH and soot by hydroxyl radical. 

If it is assumed that (1) the concentrations of %Ha H, H; and OH. are only functions 
of mixture fraction (i.e. their concentrations will not be affected by the aromatic growth chemistry) 
and (2) aromatic species will not diffuse then the progress of aromatic growth may be followed by 
integrating aromatic concentrations along a stream line using mixture fraction correlation data from 
our data base. The derivation of this flame field is discussed in the next section. 

Flame Field Calculations 

We have modelled the structure of a methane/air diffusion flame which has been studied by 
Santoro e t  al. [18]. Velocity, density, and mixture fraction fields throughout the flame are obtained 
using a computer code which has been described previously [19-211. In this model, it is assumed that 
(a) major species concentrations are only a function of mixture fraction (and their concentrations 
can be found upon solution of the transport equation Cor mixture fraction, Eq. 2), (b) the rates of 
chemical reactions that determine major species concentrations are large with respect to transport 
rates, and (c) all species diffusivities are the same. 

The transport equations for mixture fraction and momentum are solved for axisymmetric flow 
using a streamline coordinate transformation. The flow is parabolic and the boundary layer 
assumptions are made that the transverse pressure gradient and longitudinal diffusion fluxes are 
negligible. Buoyancy forces are included in the momentum equation. Diffusivity and viscosity were 
calculated from the local temperature using the Sandia transport property data [22]. The temperature 
vs. mixture fraction correlation was obtained from our analysis of a methane/air diffusion flame 
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supported on a Wolfhard-Parker burner [12]. The predicted mixture fraction field and streamlines 
are shown in Figure 1. 

Figure 1 Streamlines and wntoun of mirture fraction in calculaled axisymmetric melhanelair diffusion flame. The 
stoichiometric mnlour (5 = O.OSS), and 1- fuel-rich mn10urs (5 = 0.1 and 0.2) 

Results and Discussion 

me concentrations of polynuclear aromatic hydrocarbons have been calculated along a series 
of streamlines in the flame shown in Figure 1. The model was first run using the expression for the 
effective rate constant for chemical growth derived form local temperature, and the concentrations 
of GH,  H, and H- correlated against mixture fraction from the Wolfhard-Parker flame data. It 
should be noted that a H-atom plays a critical role in this chemistry: abstraction of ring hydrogens 
from the PAH is responsible for "activating" the surface for further growth. Unfortunately, in the 
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flame region that growth is likely to occur, there are no reliable measurements of H-atom 
concentration 1141. In these flame regions we have calculated [H.] assuming total local equilibrium. 
There h a s  been much written about the importance of super-equilibrium concentrations of radicals 
in combustion processes in general 1191 and aromatic growth in particular [lo]. Although it is well 
known that super-equilibrium exists near the high temperature reaction zone of hydrocarbon diffusion 
flames [13], calculations also suggest that super-equilibrium extends well into the fuel rich flame 
regions where growth may occur 1191. Therefore, assumption of total equilibrium may grossly 
underpredict the concentration of hydrogen atoms and, consequently, the rate of ring growth. Our 
model calculations bear this out: unless an enhancement factor for chemical growth was included, no 
appreciable build-up of PAH occun. To reach a volume fraction of soot approaching that which has 
been observed experimentally [18], this factor must be on the order of 500, which implies hydrogen 
atom concentrations in the growth region on the order of a few hundred parts per million. With 
current measurement strategies for hydrogen atom, this is a value near the detection limit in fuel rich 
regions of a diffusion flame [Z]. 
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Figure 2 Concentrations of benzene (--) and heavy PAH and soot (--) as a function of time from burner surface 
for the streamline of peak mot loading (the 61th from the right streamline in Figure 1). 

Figure 2 shows the concentrations of benzene and the soot volume fraction along a streamline 
which exhibited maximum PAH growth rates. Soot volume fraction is defined as the volume occupied 
by all species larger than coronene (A,) in the model assuming that they all have the same density 
as soot. As expected, large concentrations of benzene precede the formation of larger PAHs in the 
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flame and that the volume fractions in this flame are small enough that total oxidation of the PAH 
occurs near the flame tip. (The oxidation of larger PAH leads to the shoulder on the benzene profile 
at 70 msec.) 

Figure 3 shows a contour plot for soot concentrations in the flame calculated with the factor 
of 500 used for the enhancement of chemical growth rates. This picture looks qualitatively similar 
to comparable pictures derived from laser light scattering and extinction measurements [18] and to 
other model calculations of soot formation and oxidation in diffusion flames [5]. 

Figure 3 Contours of mot volume fraction in methanelair dillision flame. 

Conclusions 

These model calculations provide an initial attempt to  combine simplified aromatic growth 
chemistry with the conserved scalar description of diffusion flame structure. Although preliminary, 
the results suggest the important role that super-equilibrium hydrogen atom concentrations play in 
the growth chemistry. Future model improvement will hinge on the development of a more 
quantitative understanding of this factor. 
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INTRODUCTION 
Carbon clusters ranging in size from a few to a few hundred atoms are currently a topic of 

intense theoretical and experimental study. Recent advances have made it possible to 
synthesize C60, buckminsterfullerene, and other even-numbered carbon clusters ("fullerenes") in 
macroscopic quantities so that these spherical clusters, and their chemical derivatives, have 
made the leap from laboratory curiosities to potentially important materials. This has lead to an 
explosion of research in fullerene characterization and chemistry. Fullerenes are ubiquitous to a 
variety of growth environments that abound in species with elements other than carbon and are 
implicated in environments ranging from sooting flames to interstellar space. Fullerene ions can 
be observed as the dominant mass spectral features when a variety of substrates, including 
polycyclic aromatics,' polymers? and soot particles? are vaporized by a laser in vucuo. They are 
also observed in sooting flames in the region where soot particles first f0rm.~*5 

No matter what the conditions of growth, it now seems clear that the fullerenes and 
carbon (or soot) particles are intimately connected. At question is the model for particle growth 
proposed by Kroto6.7 and Smalley8 that has been postulated to account for the molecular beam 
results and has been extended to explain soot formation in combustion. Simply put, this model 
assumes that the nucleus of the growing particle is an incomplete spherical shell that 
accumulates primarily graphitic carbon on its reactive edges. A fullerene is formed in the rare 
event that a shell closes, thereby becoming inert with respect to further growth. This model has 
been the subject of much debate9 between its proponents and those who favor the more 
traditional mechanism for soot formation. The traditional viewlo-'* explains the rapid growth of 
soot at its inception by reactions between large polycyclic aromatics that are found in abundance 
in sooting flames. Subsequent addition of mass then proceeds via surface growth reactions 
between the soot particle and smaller gas phase reactants. The observation of fullerenes in 
sooting flames by Homann et a1.4.5 has been taken by some as evidence for the spiraling shell 
model. However, Homann et al. interpret their results within the traditional mechanism and 
hypothesize that the fullerenes are formed from nascent soot particles by an evaporative process. 

We have begun a program to study the reactions of large carbon clusters and their 
hydrogenated analogs, which we shall call carbonaceous clusters, and attempt to make the 
connection between the molecular beam/flow reactor environment and a sooting flame. Smalley 
and co-workers have previously examined the reactivities of small (ne20) and large (n>40) 
carbon clusters in  molecular beam work with the laser vaporization clusters source. In one 
study, Heath et looked at the Cn and C,H, ions produced by the multiphoton ionization of 
neutrals created by the addition of various hydrogen-containing reactants to the carrier gas 
upstream of the laser-induced plasma. In another study, Zhang et al.8 examined the reactivities 
of the large neutral clusters in a fast flow reactor located downstream of the vaporization region; 
they used single-photon ionization to probe the neutral cluster distributions. These experiments 
showed the unique inertness of the fullerenes to chemical attack by a variety of reactants. In 
both these studies, the authors used a linear time-of-flight mass spectrometer (TOF MS) with 
moderate mass resolution. In particular, the mass resolution in the fullerene study was 
insufficient to observe the products of the facile reactions between the injected reactant and the 

* This work supported by the United States Department of Energy, Office of Basic Energy 
Sciences, Chemical Sciences Division. 
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odd-numbered clusters (which cannot achieve closed shells). These products appeared as an 
unresolved background from which the fullerene peaks stood out. 

In this paper, we summarize results from experiments in which the formation of clusters is 
modified by addition of hydrogen to the carrier gas that flows over the graphite in the laser- 
vaporization source.14 The resulting carbon and carbonaceous clusters (for 11220) are gently 
single-photon ionized by a vacuum ultraviolet laser (Fa 158 nm) in order to probe the neutral 
cluster distribution without extensive perturbation from ionization efficiency or multiphoton 
fragmentation. The cluster ions are subsequently mass analyzed in a high resolution reflectron 
TOF MS. The resolution of this instrument at high mass (WAM-1700 at 720 amu) allows us to 
completely resolve mass peaks separated by 1 amu, i.e. each value of m in CnHm. By adjusting 
the growth conditions in the cluster source through combinations of carrier gas density and 
residence times, we can produce carbon cluster distributions that exhibit wide variations in their 
degree of local maxima, or magic numbers. For example, we find low-growth conditions in which 
the abundances of odd clusters are nearly equal to those of the fullerenes. Alternatively, we can 
create very "magic" distributions in  which the fullerenes, especially C60, dominate the 
neighboring odd clusters. The carbonaceous cluster distributions produced by the addition of 
hydrogen to the carrier gas always show a dramatic preference for the formation of CnHm clusters 
with odd n. Remarkably, the clusters with even n appear predominantly as pure Cn. Le. the 
fullerenes. We quantify these qualitative trends through a hydrogenation analysis that 
determines the fraction of each cluster that is hydrogenated and the distribution of hydrogens 
among the CnHm. The quantitative results (hydrogenation fraction, hydrogenation distribution, 
C/H ratio, etc.) show vivid evidence for the formation of long polyacetylenes, CnH2. for even n up 
to n=44. In addition, they reveal a dramatic change in hydrogenation behavior at about n=40 that 
provides more indirect evidence in support of the fullerene structural hypothesis. Finally, we 
discuss the implications of our results with respect to incomplete spherical shells and the 
corresponding model for particle growth. 

EXPERIMENTAL TECHNIQUE 
Carbon clusters are created by laser vaporization of graphite (3.2-mm-diameter rod, Pure 

Tech, 99.99%) into the helium flow following a piezoelectrically actuated pulsed valve that 
operates with 10- 100 psig backing pressure and a 1-mm-diameter orifice. The vaporization 
laser is the second harmonic of a Nd:YAG laser (Spectra Physics DCR-11) at 532 nm with a 
pulse length of 6-7 ns and energy of 17 mJ. The flow channel is 2.5 mm in diameter at the target 
rod and for 22 mm downstream; the last 12 mm of the channel forms a 30" conical nozzle from 
which the flow expands into a vacuum chamber pumped by an unbaffled diffusion pump (Varian 
VHS-10). The cluster/helium expansion is skimmed once in the source chamber (5-mm- 
diameter skimmer, Beam Dynamics) at 35 cm downstream of the source. The resulting molecular 
beam enters a second vacuum chamber pumped by a 500 I/s turbomolecular pump (Balzers TPU 
510) and is further collimated by a second 5-mm skimmer (98 cm downstream) before entering 
the ionization chamber of the reflectron TOF MS, which is located 109 cm downstream of the 
source. Carbonaceous clusters, of the generic formula CnHm, are formed in the same manner as 
Cn except that the helium carrier gas is replaced by a mixture of H2 in helium. Vacuum ultraviolet 
photoionization using the light from an excimer laser (Questek 2820) operated on the F2 line at 
158 nm (7.89 eV) creates cluster ions in the ion source of the reflectron TOF MS. Typical laser 
pulse length and fluence are -17 ns and 0.1 mJ/cm2, respectively. The timing for these 
experiments is controlled by two digital delay generators (SRS DG535) under computer control. 

The reflectron TOF MS is a modified version of a commercially available instrument (R. 
M. Jordan Co.) and is arranged such that the initial ion-beam axis is collinear with the neutral 
cluster beam. The repeller-extractor and extractor-ground plate spacings are 1.9 cm and 0.95 
cm, respectively; the repeller and extractor voltages are 1800 V and 1000 V, respectively. The 
ion beam (nominal energy 1400 eV) is accelerated out of the ionization source along the neutral 
beam for 0.5 cm before entering a static deflection field of 37 V/cm that extends for 3.8 cm. This 
field deflects the ions over a total angle of 7.2'. After passing the first flight region (97.7 cm), the 
ions are deccelerated and re-accelerated in a two-stage reflector. The first stage is defined by 
two grided plates separated by 1.2 cm and has a 1000 V potential increase. The second stage is 
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9.7 cm long and consists of 11 guard rings with elliptical openings terminated by the reflector 
plate. Final temporal focusing of the ions is achieved by fine adjustments of the electric field in 
the second stage by changing the voltage applied to the reflector plate (nominally 1620 V). Ions 
emerging from the reflector traverse the second field-free flight region of 64.2 cm in length before 
striking a 40-mm-diameter dual microchannel plate detector (R. M. Jordan Co.). The ion time- 
of-flight signals are amplified (Comlinear CLC 100) and digitized by a 400 MHz digital 
oscilloscope (LeCroy 9450). The TOF mass spectrum is acquired as separate summation 
averages (typically 1000 laser shots) in 50-ps increments and is transferred from the digital 
oscilloscope to a host computer for analysis. 

RESULTS 
A. Mass Spectra 

In Fig. 1 we display an example of the TOF mass spectrum of CnHm ions for n=16-160 
obtained under moderate-growth source conditions with a 0.5% H f l e  mixture. We have taken 
many other Cn and CnHm mass spectra under low-growth and high-growth source  condition^.^^ 
Our definitions of the growth characteristics in the cluster source are predicated on the nature of 
the carbon-cluster mass spectrum taken under identical detection conditions. We define "low- 
growth" conditions as those under which the odd-numbered Cn are roughly as abundant as the 
even-numbered clusters i n  the region near n=60 . A distribution near n=60 in which the even 
clusters, and particularly C ~ O ,  have considerably more intensity than the odd clusters defines 
"moderate growth" (see Fig. 1). For our cluster source with the flow channel described above, 
moderate growth is the norm, Le. 100 psig backing pressure, full driving voltage applied to the 
valve, and vaporization timed to occur in the center of the gas pulse. Low growth can be 
achieved in several different ways: lowering the backing pressure to 10 psig, lowering the driving 
voltage on the piezoelectric valve, or by firing the vaporization laser early in the gas pulse. All of 
these approaches lower the effective density of the carrier gas over the target when the 
vaporization laser fires. We can also achieve high-growth conditions, in which C60 completely 
dominates the Cn distribution at 502n170, by running under nominal conditions and increasing the 
length of the flow channel by 27 mm. The observation of enhanced even/odd alternation with 
increasing carrier gas in the source is consistent with the model proposed by Smalley and Kroto 
in which the fullerenes are the survivors of the cluster-growth process that ultimately leads to 
carbon particles. Increasing the carrier gas density provides greater containment of the carbon 
vapor in the laser-induced plasma and thus provides a higher density of growth species and 
leads to more rapid condensation. 

The moderate-growth mass spectrum produced with a 0.5% H2/He mixture in Fig. 1 
shows hydrogenated clusters, CnHm, that appear both with n even and odd up to about n=40. At 
this point the odd clusters continue to appear predominantly as hydrogenated species while 
substantial intensities of even Cn appear above this hydrocarbon "soup". Figure 2 displays the 
comparison of the Cn and CnHm moderate-growth mass spectra for n=21-24 and n=58-62. For a 
given n, the signal for each mass peak in the CnHm spectrum has contributions from the 13C 
isotopic variants of Cn and from the CnHm species and their l3C isotopic variants. This 
convolution, which increases in severity with increasing n because the 13C distribution widens, 
makes it impossible to determine the distribution of hydrogenated species directly from the mass 
spectrum. Note the propensity for the formation of CnH2 for the even-numbered clusters in the 
n=21-24 range. The CnHm spectrum for n=58-62 in Fig. 2 shows hydrogenation of both even and 
odd clusters near n=60. However, the extent of the hydrogenation is clearly much greater for the 
odd clusters; substantial amounts of the even clusters appear as bare carbon clusters. In the low 
growth case, the addition of hydrogen enhances the appearance of the even Cn, and especially 
C60, with respect to the hydrocarbon background. Remarkably, this occurs even when the even 
clusters do not appear as "special" in the corresponding Cn spectrum. 

. 

I 
B. Hydrogenation Analysis 

To quantify the extent of hydrogenation and the distribution of hydrogen atoms for CnH, 
at a given n, we have developed a procedure in which the effects of the l3C isotopic distribution 
are deconvoluted from the hydrogenation distribution. Ref. 14 describes this procedure in detail. 
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It is  applicable to situations in which the hydrogenation distribution for cluster n ends before the 
one for cluster n+l begins, i.e. m<ll .  For the data presented here, we can apply the 
deconvolution to the moderate-growth spectrum over the entire range of n in which sufficient 
mass resolution is  maintained (typically nS100). From the analysis we extract the 
hydrogenation fraction, Xh, and the fractional abundance for each m, g,. 

One of the more dramatic effects, discussed qualitatively above, that we observe in the 
carbonaceous cluster distributions is the tendency for the even clusters above n=40 to appear as 
bare C, while the odd clusters are hydrogenated. This effect is  shown vividly in Fig. 3 in which 
we plot the hydrogenation fraction, xh, versus cluster size, n, for the moderate-growth 
experiment. At low n both odd and even clusters show hydrogenation fractions that are high, 75- 
90%. At about n=40 there is a sharp drop in xh for the even clusters while the hydrogenation 
fraction for the odd clusters stays high, never dropping much below 80%. The hydrogenation 
fraction is lowest for the even clusters in the n=50-70 range with a sharp minimum at n=60. The 
dramatic odd/even alternation near n=60 is shown quite nicely in the mass spectrum (Fig. 2); 
only 34% of the n=60 peak corresponds to C a H m  while 85% of the neighboring n=61 peak is due 
to hydrogenated species. Above n=70 the hydrogenation fraction gradually increases for even n 
and decreases for odd n, with the two curves apparently heading toward a common asymptote. 
This trend cannot be confirmed in this data because of the loss of mass resolution at n>100. 

We can quantify the tendency for even CnHm to appear with m=2 by examining the ratio of 
the fractional abundances for m=2 and m=l, g2/g1. Fig. 3 displays a plot of g2/gl versus n for the 
moderate-growth data. For the odd clusters this ratio stays constant at or near unity until 
around n=70. By contrast, 62/61 is much larger for the even clusters until it drops quickly near 
n=40 so that for 11246 the ratio is nearly identical for both odd and even clusters. This data 
demonstrates that with small amounts of hydrogen present in the source clusters as large as 
n=44 have a decided preference to appear as C,Hz; odd clusters show no such preference. Near 
n=60, both even and odd clusters show a hydrogenation distribution that decreases 
monotonically with m and thus gdg lc l .  As n increases above about 70, the distributions widen 
and develop maxima at m>l so that the ratio g2/gi gradually rises to values larger than unity. 

DISCUSSION AND CONCLUSIONS 
The mass spectra of CnHm ions for 8<n$20, produced by multiphoton ionization of 

neutrals made by addition of various reactants to the carrier gas, have been discussed by Heath 
et al.13 They also observe the tendency for even clusters to form CnH2 species while the odd 
numbered clusters generally are found to have no distinctive hydrogenation pattern. The 
formation of CnH2 species is a strong signature of linear polyacetylenes of the form H-CEC- 
(C=C-)mC=C-H. Heath et  a\. postulate that these form by the addition of two hydrogens to the 
terminal carbons of linear carbon chains that are triplet diradicals, *C=C-(CeC-),C=C*. Our 
data extends the results of Heath et al. to larger clusters. Interestingly, we observe a preference 
for C”H2 formation for even clusters up to n=44. This preference demonstrates that at least 
some of the CnHm species formed in our experiments are very long polyacetylenes. For n210 
theoretical calculations for bare carbon clusters agree that monocyclic rings are more stable than 
linear chains. However, for reasons we now explore, it seems highly unlikely that long 
polyacetylenes are formed by hydrogenation of existing monocyclic rings. 

In this type of experiment, where H2 is added to the carrier gas upstream of the laser- 
induced plasma, we interpret the results in terms of a modification of the cluster growth that 
occurs without the reactant gas. The most important hydrogenation reactions are probably facile 
radical-radical reactions, i.e. reactions between H atoms and carbon or carbonaceous radicals. 
The results of Heath et al. support the assertion that H-atom reactions are im ortant; they 
observe similar CnHm products for a variety of hydrogen-containing reactants! Under our 
experimental conditions the carbon density in the vaporization plume is in great excess of the H- 
atom concentration and carbon-cluster growth via reactions with small growth species (C, C2, 
and C3) will proceed largely as if there was no reactant gas. The important difference is that 
hydrogen atom attack on a radical center might now render a cluster relatively inert with respect 
to further growth or hydrogenation. For even clusters with less than about 44 atoms this is 
observed as the formation of long polyacetylenes, the first non-radical species that can be formed 
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for a linear geometry. It is important to note that H-atom attack on a radical center might occur 
at any point in the cluster growth, not just at the end. For example, a linear Cio might be 
terminated at one end but continue to grow via carbon addition at the other, reactive end until it 
also encounters an H atom and is terminated. 

The same picture of the modification of cluster (and ultimately particle) growth can be 
used to interpret our results for the larger carbonaceous clusters (11240). The results of our 
hydrogenation analysis of the data taken under moderate-growth conditions show dramatically 
the change in nature of the carbon and carbonaceous clusters near n=40. The plots of 
hydrogenation fraction and the ratio gz/gl versus cluster size (Fig. 3) are particularly vivid in this 
regard. This pronounced change in behavior must be associated with a global change in 
geometric structure. Near n=40 the evidence for linear polyacetylenes disappears and the even 
clusters become inert relative to their odd neighbors. Clearly, even-numbered can adopt 
structures that do not have reactive, radical centers, i.e. closed shell fullerenes. By contrast, the 
odd clusters always appear hydrogenated, since they can only eliminate dangling bonds by 
hydrogenation. 

As with the smaller clusters, the addition of hydrogen to the source in our experiments 
produces a relatively small perturbation in the overall growth of clusters and particles. One 
possible effect is that the H atoms in the cluster-growth region might decrease the likelihood of 
shell closure by tying up the radical sites at the edges of spiraling shells. However, the addition 
of hydrogen always accentuates the appearance of the fullerenes through the preferential 
hydrogenation of the neighboring odd clusters. This effect is especially pronounced in the low- 
growth spectra. On the basis of the low-growth C, distribution alone, one might infer that both 
even and odd clusters are unclosed, reactive isomers, i.e. the even clusters have not yet found 
their way to closure. Yet, the addition of hydrogen under low-growth conditions clearly shows 
that some of the even clusters have already closed and become unreactive. 

The implication of these results is that cluster growth and cluster hydrogenation are at 
least partially separable processes, with growth preceding hydrogenation. As noted above, it is 
dangerous to interpret our experiments entirely in this manner since hydrogen is present at all 
times in the course of cluster growth. However, such behavior can be rationalized both on fluid 
dynamic and thermodynamic grounds. Large clusters, and even panicles, grow rapidly in the 
vaporization plume where the concentration of growth species in the carbon vapor is high relative 
to the hydrogen reactant. Significant hydrogentation may not take place until the vaporization 
plume is mixed by turbulence with the reactandcarrier gas mixture at points downstream. Also, 
in the high-temperature vapor plume the graphitic, spiraling shells are thermodynamically favored 
over their hydrogentated analogs. As the temperature drops during the flow through the source, 
irreversible hydrogenation of reactive sites can produce carbonaceous clusters. The even 
clusters can adopt closed structures under high-temperature pyrolytic conditions and thus 
become inert to subsequent hydrogenation at lower temperatures. By increasing the carrier gas 
density to our moderate-growth conditions, we drive the condensation process harder by 
increasing the carbon density in the high-temperature region, thereby allowing more even 
clusters to become fullerenes. Addition of small amounts of hydrogen under these conditions 
effectively "titrates" the odd clusters by hydrogenation but the unreactive even clusters emerge 
largely unscathed (see Fig. 2). 

The conditions in our experiments are intentionally adjusted in order to avoid extensive 
hydrogenation. The relatively small amount of hydrogenation is thus insufficient to tie up all the 
reactive sites in a growing cluster and substantially slow further growth toward particles. The 
C/H ratio for the CnH, species that werproduce in the moderate-growth experiment increases 
monotonically from -6 at n=20 to -18 at n=100. These values are much higher than what one 
would expect for spiraling shells whose reactive edges were completely saturated with 
hydrogens. As an upper bound on the c/H ratio of such species, consider the series of D6h 
polycyclic aromatics of the form C6j2H6j, i.e. C6H6, C24Hi2. C54H18. Cg6H24, etC. The c/H ratio 
in these planar species is simply J; the C/H ratio is 3 at n=54 and 4 at n=96. Generally, a 
partially closed shell will have fewer possibilities for C-H bonds than these species. A 
reasonable estimate might be a shell with half as many reactive sites; this gives a C/H ratio of 6- 
8 for n=54-96. We observe a C/H ratio of 15-20 in this size range in our moderate growth 

' 
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experiment. This indicates that the hydrogenation distributions are still in the kinetically limited 
regime and do not represent saturation of all reactive sites. Finally, we note that our 
carbonaceous clusters are more carbon-rich than soot particles formed in combustion processes. 
Typically, nascent soot panicles have a C/H ratio of 2-3 that may increase to 8-10 as the soot 
dehydrogenates at later stages in the flame.10 

Our results, in which we study the formation of carbon and carbonaceous clusters in a 
laser-vaporization source with controlled addition of hydrogen are quite similar to those 
obtained in a variety of other in vucw laser vaporization studies1'3 and in the flame studies of 
Homann et a1.4.5 In all these cases, the large, even carbon clusters appear as the dominant mass 
spectral feature under conditions where there are substantial quantities of elements, especially 
hydrogen, other than carbon in the growth region. In our controlled hydrogenation studies we 
create conditions in which the neighboring odd clusters form a hydrocarbon background against 
which the fullerenes appear. We suspect that in some of the other vaporization studies and 
flame investigations the fullerenes stand out from a similar, unresolved hydrocarbon background, 
although the hydrogenation may be more extensive and thus spread the cluster distribution over 
a wider mass range. The idea that rapid carbon-cluster growth, and occasional fullerene shell 
closure, occurs in high-temperature regions where hydrogenation, or oxidation, is not favored 
must also apply to these environments. In the laser vaporization experiments, the high- 
temperature region is the laser-induced, high density plasma formed above the substrate, 
whether it be soot3 or various polymers.2 In the flame studies, the fullerenes are found in the 
region where the temperature is near it maximum (T-2100 K) and soot particles fKst begin to 
f ~ r m . ~ ? ~  The exciting and unanswered question in these experiments is whether the fullerenes 
are created during soot formation, as proposed by Smalley and Kroto, or as the result of 
vaporization from the surface of a soot particle, as hypothesized by Homann et al.5 

One of the great difficulties in elucidating the mechanism of soot inception is that the 
species one observes i n  a sooting flame, whether they be polycyclic aromatics or fullerenes, are 
the by-products of the process. The keys to any chemical mechanism are to be found in the 
radical species that control the kinetic pathway. Unfortunately in the case of soot formation, 
these radicals wind up buried in the soot particles; the manner in which they arrived there is but a 
distant memory. Analysis of the particles, while informative, cannot provide the data necessary 
to differentiate between hypothetical formation pathways. 

In the future, we shall investigate the role of large carbonaceous clusters in soot inception 
and growth by concentrating on reaction studies of the reactive clusters. These may be the odd 
clusters, which can never completely close, or the reactive isomers of the even clusters. The 
cluster beam source provides an ideal forum for studies of reactive intermediates because these 
species can be frozen out in the free jet expansion. We shall perform more studies, such as 
those presented here, in which reactants are added upstream of the vaporization. Of particular 
interest is the formation of carbonaceous clusters under conditions that emulate those in a 
sooting flame, i.e. oxidative, not just pyrolytic. In addition, we shall pursue more controlled 
chemical reactions using the fast-flow reactor techniques that have been used so successfully in 
the study of metal cluster chemistry. Zhang et al. have performed some initial work in this area 
on the large carbon clusters.* However, their study was aimed principally at the unique, 
unreactive nature of the fullerenes; the products of reactions with odd clusters were observed 
only as unresolved background. We intend to use the high resolution of the reflectron to son out 
the products of reactions such as CnHm + C2H2, which represents a model for the growth of a 
soot particle through t h e  addition of acetylene. Again,,the emphasis will be on arresting the 
growth process in order to examine clusters that are reactive intermediates and not on the stable 
by-products, such as the fullerenes. 
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FIG 1. Reflectron TOF mass specrtum of carbonaceous clusters, CnHm, produced 
with a 0.5% H2/He mixture as the carrier gas under moderate-growth conditions in 
the cluster source. 
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FIG. 2. Close-up views (n=21-24 and n=58-62) of the Cn and C, H, mass spectra 
taken under moderate-growth conditions. Top panels: spectra of C, taken with He 
carrier gas; bottom panels: spectra of C,H,taken with 0.5% H,/He carrier gas. 
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FIG. 3. Results of hydrogenation analysis for moderate-growth C, H, mass spectrum 
(Fig. 1) as a function of cluster size, n. Left: the fraction of hydrogenated species. 
Right: the ratio of fractional abundances of for m=l and m=2. 
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polycyclic Aromatics, Fullerenes and Soot Particles 
as Charged Species in Flames 

Th. Baum, S. Loffler,' P. Weilmiinster and K. H. Homann 
Institut fur Physikalische Chemie, Technische Hochschule Darmstadt 

Petersenstr.20, D-6100 Darmstadt 

1. INTRODUCTION AND EXPERIMENTAL 

The ionic structure of fuel-rich hydrocarbon flames resembles the 
profiles of the larger neutral intermediates much more than those of 
initial reactants and main products. This applies in particular to 
polycyclic aromatic hydrocarbons (PAH). They have low and rather 
similar ionization potentials and relatively large proton affinities. 
The pattern of reactions of positive ions, condensation and cycli- 
zation reactions, shows many similarities with the behavior of their 
neutral counterparts. Apart from the predominance of some PAH' with 
an odd number of C atoms, which would be radicals in the neutral 
state, the occurrence of PAH' is an indication of the existence of 
the respective neutral compounds. Thus, large flame ions, their 
composition, reactions and equilibria at high temperature are not 
only of interest for themselves, but also reflect the existence and 
behavior of large neutral PAH. The discussion of fullerenes in flames 
has still to be based solely on their ions. 

The experimental procedure of sampling 26.6-mbar flat premixed flames 
via a two-stage nozzle/molecular beam sampling system and analyzing 
the ions by a time-of-flight MS has been reported [ l ,  2 1 .  Recently, 
the MS was modified by adding a Mamyrin-type ion reflector, thereby 
increasing the mass resolution ( m / ~ m ) s ~ ~  to about 1500. The 
flight time was determined by a multi-stop time-to-digital converter. 
Ion signals from about 20.000 extraction pulses were summed up to 
give the mass spectrum. Details will be published elsewhere [ 3 1 .  

2. POLYCYCLIC AROMATIC HYDROCARBON IONS (PAH') 

The main formation of the PAH' in sooting flames takes place in the 
oxidation zone where their concentrations go through maxima (Fig. 1 )  
[2]. The decrease of the PAH' with m & 325 u after their 
maxima is due to thermal decomposition, probably initiated by 
oxidative attack. It takes place almost simultaneously for these 
lower-mass PAH+. The larger PAH' with m 2  325 u continue to 
grow as shown by the shift of their maxima to greater heights with 
increasing mass. The largest PAH' in acetylene flames reach masses 
of about 2.5 t lo3 U. 

PAH' occur with any number of C atoms and those with a certain car- 
bon content contain a varying number of hydrogen atoms (Fig. 2). The 
number of H atoms points to certain structures. Other arguments in 
this respect are the thermal stability, the relation to identified 
neutral PAH and the occurrence of certain side chains, the prevalance 
of peri-condensation and the possibility of protonation and deproto- 
nation as a function of temperature. 

The relatively large concentration of ClrHp* in CzHl 
flames, an indication of little reactivity, is a strong argument for 
the stable fully condensed phenalenylium (I): 

A 
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Other isomers such as (11) would be less stable. The far less ther- 
mally stable dihydro-compound, CirH11*, occurs in extremely low 
concentration. At higher temperature, CIJH?' is formed, an ion 
that cannot be formulated as a tricyclus without assuming a benzyne 
bond which was never observed in flame components. A more probable 
structure, compatible with structural elements normally found in PAH, 
would be: 

111 It could be formed by thermal decomposi- 
tion from phenalenylium via retro-inser- 
tion out of a six-membered ring followed 
by Hz elimination from the resulting 
side chain. Structures with side chains 63 

containing triple bonds are suggested for the relatively hydrogen- 
poor PAH' with m & 300 U. It is known from butadiyne pyrolysis 
that such side chains are split off from PAH at temperatures 2 1400 K 
[ 4 1 .  This would fit the finding that the lower-mass PAH+ 
decompose thermally in a flame zone where polyyne ions are formed. 

A C.Hy+2+, being present in appreciable concentration compared to 
a main PAH+ CxHy+, indicates a change in the carbon skeleton 
rather than hydrogenation. For ClsHp+ probable structures are 

while C15H11+ is rather a tricyclus with a CHz group 

Protonation enlarges the variation in the number of H atoms of even- 
numbered PAH' without change in the carbon skeleton (Fig. 2 ) .  An- 
other example is the Cl6-PAH which is present as C ~ ~ H I I *  
(protonated pyrene or less probable fluoranthene, closed-shell ions) 
and Cl6Hlo' (ionized pyrene, radical ion). At lower temperature 
the protonated PAH is formed,but at higher temperature the latter 
attains even larger concentrations. C16He+ which is assumed to be 
a butadiynyl-acenaphtylene ion is also formed at high temperature. 

For larger PAH, the number of H atoms depends on the arrangement of 
rings. Divergence from a more circular system to an elongated or 
ribbon-like PAH increases the number of hydrogen atoms by 2 or a 
larger even number, for example 

On the other hand 
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Formation of 5-rings condensed with the 6-rings diminishes the number 
Of H atoms by 2 or a multiple thereof. This possibility of forming 
relatively hydrogen-poor PAH' is held more probable for high-mass 
ions. 

Of the many possible variations in the number of H atoms for a fixed 
number of C atoms only a few, seldom more than 3 for odd-numbered and 
4 for even-numbered PAH', are realized, even in the case of large 
PAH'. Although there are shifts in the abundance of H-rich and 
H-poor PAH' with temperature, there is always one certain C-H-com- 
position that dominates in a group of ions with the same number of C 
atoms. This is always compatible with a highly condensed arrangement 
of 6-rings with one or no 5-ring. However, in the case of large 
PAH' these predominant C-H-compositions would also f,it to elongated 
or ribbon-like ring arrangements with an increased number of 5-rings. 
This option would be in favor of fullerene formation, see below. 

Oxo-PAH' , such as ClrHpO+, ClsHl IO+ and ClaHl 10+up to 
C~~HISO: are intermediates in fuel rich benzene flames. They 
occur together with PAH* [5]. Probably, the positive charge is 
located on an 0 atom outside the ring system, for example: 

This structure is more stable than 

@: 
Oxo-PAH' are thermally less stable than PAH' with the same number 
of C atoms. A primary decomposition step of oxo-PAH* probably is 
the elimination of CO, for example: 

Hja - [SI++ co 
This mechanism of PAH* formation is not taking place in acetylene 
flames, since no oxo-PAH' are formed from this fuel. Many PAH' in 
benzene flames contain two more H atoms and probably have structures 
different from those with the same number of C atoms in acetylene 
flames. CIIHV+ is missing in benzene flames since there is no 
easy mechanism by which it could be formed through CO elimination 
from c14HsO'. High-resolution mass spectrometry will show 
whether such differences in H content do also occur in larger PAH'. 
This might have to do with the stop of PAH' growth at 900 to 1000 u 
and the absence of charged soot particles in benzene flames up to a 
C/O = 0.93. 

Oxo-PAH- which are only formed in flames of aromatic fuel also 
decompose within the oxidation zone by elimination of CO giving 
PAH- , for example: 

wo- - + co 
The resulting PAH- with their comparatively stable cyclopentadienyl 
anion structure, also unique in benzene flames, do not show further 
growth. That the negative charge of oxo-PAH- is located on the 0 
atom is supported by the fact, that they are able to grow by conden- 
sation reactions with lower unsaturated hydrocarbons. 
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3 .  POSITIVELY CHARGED SOOT PARTICLES 

PAH+ with m 2 3 5 0  u grow continuously until their average mass 
reaches about 800 to 1 4 0 0  u in sooting acetylene flames. Then a new 
broad distribution of masses ranging from about 2 . 5  to 7 * 10 '  u 
appears. It has a flat maximum at about 4 * lo '  u (Fig. 3 ,  llmm). 
This is due to the first charged soot particles. About 0.3 ms later 
( 1 2  mm), it has increased in intensity, peaks at 5 * lo3 u and 
extends to lo4 U. Meanwhile, the large PAH' have disappeared to a 
large degree. Instead of a continuous shift of the PAH+ distribu- 
tion into the range of the beginning charged soot, there remains a 
minimum at about 2 t lOJ u. This behaviour is interpreted as a 
switch from a mainly two-dimensional growth of the PAH' to a three- 
dimensional growth of soot particles, initiated by sticky collisions 
of large PAH' with neutral PAH of the same mass range. The total 
ion concentration stays almost constant between 1 1  and 12 mm [ l ] .  

From 14 mm on, the number density of charged soot particles increases 
strongly because of the onset of thermal ionization. The further 
development of the particle mass distributions is shown on Fig. 4 ,  
obtained from measurements using a combination Wien-filter/energy 
discriminator f o r  mass analysis [ 6 1 .  

At the start of soot formation in acetylene flames, the fraction of 
positively charged soot is very low, of the order of 1 % . It increa- 
ses to 30 - 4 0  % (depending on the burning conditions) when the sin- 
gle particles have reached their final size [ 7 1 .  Thus, the largest 
part of positively charged soot is formed by thermal ionization from 
neutral soot and not as a consequence of growth of PAH'. Most of 
the charged particles carry a single charge. With increasing flame 
temperature the fraction of doubly charged particles increases up to 
about 1 0  %. There is also negatively charged soot. It is formed some- 
what later and its amount does not reach that of the positively char- 
ged soot ( 1 5  to 25 % ) .  The percentage decreases with increasing flame 
temperature. As pointed out, PAH- do not grow. Therefore, there is 
no connection between PAH- and the first negatively charged soot 
which most probably is formed by electron attachment to neutral 
particles. 

In benzene flames (for C/O < 0.93) the growth of PAH' stops at 
about 1 * lo3  u and only neutral soot is formed thereafter. The 
reason for this behavior of PAH' is not quite clear. The lower con- 
centration of acetylene and polyynes, the higher temperature together 
with the partly different structure of PAH* in benzene flames might 
be the reason. The lack of thermal ionization of soot is caused by 
the smallness and the slow growth of the first particles in low-pres- 
sure benzene flames which is also correlated with the lower concen- 
tration of highly unsaturated aliphatics. 

4 .  FULLERENE IONS 

Fullerene ions of both sign cover a much larger mass range than PAH 
ions. The smallest positive ion detected in benzene flames is 
c32' ( 3 8 4  u). The largest one in sooting acetylene flames exceeds 
C s o o '  ( 6 0 0 0  u) as shown by the mass spectrum in Fig. 5. General- 
ly, there are a few outstanding peaks ( C S O  , CSO , C7 0 ,  C, I , 
C s z ,  C e 4 )  and a much larger number of quasi-continuously distri- 
buted species [ 5 1 .  A mass spectrum of negative fullerene ions from 
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the burned gas of a benzene flame in Fig. 6 shows the same general 
appearance. It differs, however, in some details such as the forma- 
tion of very small fullerenes like c36- (smallest in acetylene 
flames is Cas-) and the occurrence of odd-numbered fullerenes 
containing 1 to 2 H atoms centered around C5, and (to a less 
degree) around C ~ O - .  There are further differences in the ion 
abundances depending on the height in the flame, the sign and the 
burning conditions. 

The largest difference in the nature of fullerene ions is.caused by 
the onset of soot formation. Fig. la demonstrates the change in the 
fullerene mass spectrum from the soot-free oxidation zone to the soot 
forming zone in the burned gas of the same benzene flame. A princi- 
pally similar result was obtaidwith mass spectra from the burned gas 
of acetylene flames below and above the critical C/O for soot forma- 
tion, see Fig. 7b. In both cases the overall abundance of the ions 
increases and the quasi-continuous distribution of the heavier fulle- 
renes appears when soot is formed. There are mainly some of the 
outstanding peaks where the fuel-rich flames are free of soot. 

In acetylene 'flames, where the oxidation and the soot-forming zone is 
clearly separated, the concentration of fullerenes drops to very low 
values where the temperature is near its maximum and the 02 is not 
yet completely consumed. This minimum is specially marked for nega- 
tive fullerene ions. It is interpreted as burning of the lower-mass 
fullerenes. A decrease in the total negative ion concentration may 
contribute to this effect [ l ] .  In benzene flames where these two 
zones overlap the intermediary decrease is weak for negative fulle- 
renes and not expressed in the positive ion profiles. Formation of 
fullerenes in the oxidation zone can be suppressed by increasing the 
temperature. 

In the secondary reaction zone of the flame, where 02 is not 'yet 
completely consumed, large fullerene ions of vastly different mass 
are formed almost simultaneously in the presence of soot. The pro- 
files do not indicate a growth of fullerenes. They reach a second 
maximum in the burned gas and also decrease simultaneously, probably 
by charge recombination. The formation of the "prominent" fullerene 
ions ('250, CSO, C,O) in this zone is more or less retarded, 
depending on the burning conditions. In particular, CSO- increa- 
ses steadily in the burned gas where large negative fullerenes 
decrease. 

While the formation of large PAH may in principle be explained by the 
growth of lower mass species through reaction with unsaturated C a - ,  
C3- and Ca-hydrocarbons and/or the respective radicals, this is 
not so for the fullerenes. CSO' is always the first to be obser- 
ved without being preceded by lower-mass fullerenes. It lies between 
the Can- and Css-PAH' in the mass spectrum. But these species 
contain between 18 and 20 H atoms and therefore have quite a diffe- 
rent structure. The question is, how might closed-cage molecules (or 
ions) with 12 five-membered rings be formed in a homogeneous reaction 
without going through intermediates with too much ring tension. 

If the mass spectrum of PAH' is searched for possible "pieces" of 
c60+# the free valencies of which being saturated by H, there are 
mainly smaller mass PAH' up to 250  u ,  the C skeletons of which are 
structural elements of CSO. Mass 250  ( C z o H l o )  could represent a 
PAH consisting of five 6-rings surrounding one 5-ring. C30H12.13 
with mass 372 and 373 u which would be the molecular formula for one 
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"half" of a CSO occurs only in very minor concentration. A forma- 
tion of C60 by reactive collision of two half-shells would be too 
slow because of the low concentrations of the reactants. There is an 
ion with composition CJOH~* in very low abundance, which does not 
fit any C60+ fragment. The fact that large PAH' with very low 
hydrogen content could not be detected, indicates that the loss of 
hydrogen and the formation of most of the 5-rings takes place simul- 
taneously in late stages before completion of the ball. A possible 
mechanism along these lines might be the following: If two 6-rings at 
the poles of C E O  are removed, there remains a closed ribbon of 48 C 
atoms that unwrapped has the structure 

This would correspond to CasHle which is the main C~E-PAH'. 
It contains the structural elements of acenaphthylene and benzo- 
[ghilperylene which are quite common among the PAH. As the number 
of 5-membered rings is relatively low for the size of the ring system 
and they are condensed only with four 6-rings, there is no serious 
ring tension. The molecule bends almost by itself towards closing of 
the ribbon, see Fig. 8. Most of the C4s-PAH' will have flat 
structures given in section 2, but a few percent might be ribbon- 
shaped. Addition of two benzene molecules and a rapid stepwise forma- 
tion of C-C bonds by an intramolecular condensation with simultaneous 
splitting off of Hz, while double bonds are regenerated, could 
finally give C S O .  This accumulates because of its chemical inert- 
ness. The fact that fullerene concentration may be up to ten times 
larger in benzene flames than in acetylene flames might be an indi- 
cation that reactions with benzene are important steps. A similar 
mechanism could be possible for c70. However, there is still no 
indication how the large fullerenes could be formed, other than 
probably by heterogeneous reaction which involves very small soot 
particles. 

The authors thank the Deutsche Forschungsgemeinschaft and the Fonds 
der Chemischen Industrie for financial support. 
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Fig. 1 PAH* profiles in a sooting C z H z / $  
flame; C/O 1.12; p = 26.6 mbar 

0 4 8 1 2  L---J- v. = 42 cm/s 
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Fig. 3 Mass distributions at Fig. 4 Mass distribution of charged 
the transition from soot particles in a C 2 H 2 / O 2  
PAH+ to charged soot flame ; 
particles; C/O = 1.06; p = 26.6 mbar; 
C z H z / O z  I 1.12 v. = 50 cm/s 
p = 26.6 mbar; v. = 42 cm/s 
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Fig .  5 Mass spectrum of  p o s i t i v e  f u l l e r e n e  i o n s  from a s o o t i n g  
C 2 H z / 0 2  f l a m e ;  C / O  = 1 . 0 ,  h = 2 0  mm, p = 2 6 . 6  mbar, 
vu = 4 2  cm/s. The peaks t o  C i o c  are t r u n c a t e d .  

.. . 
Lw PO WW urn m.% 

Fig .  6 Mass spectrum o f  
nega t ive  f u l l e r e n e  i o n s  from 
a benzene/oxygen f l ame ;  
C/O = 0 .76 ,  h = $ 2  mm, 
p = 2 6 . 6  mbar, v u  42 c m / s  

l a )  r 
ca I 

Fig .  7a Nega t ive  f u l l e r e n e  i o n s  i n  t h e  
s o o t - f r e e  o x i d a t i o n  zone ( 7  mm) and i n  
t h e  s o o t i n g  zone ( 9  mm) of a CsH6/0z 
flame; C/O I 0.76, vu 42 cm/s; 
7b: The same i o n s  i n  t h e  burned g a s  of  
a non-soot ing (below,  C / O  0 . 8 4 )  and 
a s o o t i n g  (C/O = 0 . 9 0 )  acetylene/Oz 
flame; h = 2 8  mm, vu = 4 2  c m / S  

F ig .  8 T e n t a t i v e  mechanism of C S O  
formation from a bent r ibbon-shaped 
PAH C 1 8 H i e  and two benzene 
molecules .  The d o t s  mark C atoms 
which c a r r y  H atoms whi l e  t h e  hidden 
ones are n o t  marked. 
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ABSIWLCT 
S i W  intensities of 20(H am material previously dkained by 

molecular beam mass -tric (M8Ms) pmbling of a lcw-pressure 
P ranixed nearsoot- benzene-oxygen flank2 were analyzed so as to 
determine mle fractions, fluxes ard n e t  reaction rates for 50-am 
fractions of high molecular weight flame species. me results shm 
trends irdicative of preferential a d a t i o n  of - in the 700-750 
a m  fraction. 
(C60) w i l l  be considered, and the d-served wrcentrations w i l l  be 

with literature values for C ~ O  ions in  similar flames. 

flame w i l l  be discllssed. 

me pertinence of these results to m* 1- 

the behavior of m l d a r  weight gxydth pra3ucts in  
flares i n  the nnss range of roqhly 300 to 2000 am has been limited by 
the scarcity of data for these species. ?he concentration profiles of 
chemical species in flames have been measured for campounds as large as 
C16HlO (*202) by mlecular iY3nv- i c  (MENS) sampliq1, 

US- MBEIS W l t h  t-f-fllght (TOF) mass -*, have w e d  
in the abave mass range b t h  positively- and negatively-charged ions, 
suspeded to be f d k r e n e s 3 f 4  and their p r e ~ l r s o r ; ~ .  

a d  C24H12 (-300! by gas - - @ W H -  and -r-, 

B i t t n e r ' s  ME%S data for a nearsooting (&valence ra t io  F l . 8 )  
benzeneoxygen-30% q o n  20-torr f l a t  flame also include high-- 
si@ profiles for a l l  species w i t h  masse5 greater than a given cutoff 
value: this cutoff mass was innemented by 50 am i n  the range of 200 
to 750 a m ,  inclusive. Hcward and B i t t n e r 6  analyzed these high m3s.s 
data for the nearsmting flame and similar data frcm a soot- ( e 2 . 0 )  
benzene flame, rea&i.rq tentative conclusions about the f o m t i o n  and 
destruction of the hi* molecular weight material (KMb8-f) and alxaxt its 
pcssible mle in scot formtion. Their analysis of the nearsooting 
data also gave evidence of the developnent of a bimcdal distribution of 
the masses of the HMKM with increasing heiqht above bunw (HAB). me 
earlier m r k  ms done withmt detailed flux and rate information, w h i c h  
was la ter  generated by -7, ami with ~ n l y  an emxinate txeatxent of 
the diffusion of the W. 

In the present work, the hi@-rmss signals of B i t t n e x ' s  near- 
sooting flaxe are analySea. earlier analysis of these data by 
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Haward and Bittner is extended by treat* each 50-anu interval asan 
-vi- species ard by c a l d a t i r g  fl- ard net reaction rates for 
each internal . mrcaches used to overoome limitations of the earlier 
work are aiscussed . preliminary analysis of the results gives 
information on the prevalence a d  khavior of swt precmsors. ?he 
resdts also give widere -istent with the existence of qjo in a 
nonscotm flame. 

lwLNspoRp mPEF.TES OF HIQI KILECULAR-WEIQIP Md!EKU& 

~n f l a t  flares, kmW1-e of the transport properties of the 
W v i -  species is essential in abtainirg kinetic informtion fm 
OOTlcentration data. Flat flames can be described as one4mms ' i d  
plug f i w  reactors with s t m q  axial diffusion. tue to strong 
diffusion& effects, CQIlCentration profiles reflect both transport 

ard CfEmiCal reaction. Icinetics or rate informticm is 
' G f r O n  inaivictual spec ig  concentration data by application of 
theone4uEm . i d  flaw equations of R- and westenberga . !me 
mncentration data (as a function of location) are'canbined with the 
diffusion equation to -in mlar fluxes of each species a t  each 
location: the derivative of the molar flux with resped to distance 
yields the net reaction rate of the inliviciual species. 

?heinixhre diffusion ooefficients used in the calalat ion are 
obtained frcm the binary diffusion coefficients using the relation of 
W i l k e g ;  binary diffusion ccefficients c a l d a t e d  frcm the Lwa?ad- 
Jones (l2,6) potential. S h  nl.L&UE diffusion coefficients 
d@ on the amposition of the murture , and since the mnposition 
CfiKliJeS dramatically in the region of interest, the calculation 
~~IUIES concentration data for all flare species. 

Treabznt of the diffusion of the HWH required Lenmxd-Jon~~ 
parametefi. D e t a i l s  of the approach w i l l  be published. Ihe 
correlations of ~ird, stewart, mi ~ ~ t f o o t l o  for the w - ~ o n e s  
parameters as a M i o n  of critical tempratwe (Tc) and critical 
pressure (FC) wre used.  he technique of FO- and malcsll for 
estimating c r i t i c a l  properties f m  mlecular structures of 

Fraa available data on the 

range of the m, -le assmptions were made concerning the 
mo1eoiia.r structures of ape&& amstitutents of the H. 'Ihe HMM 
was assumxi to an?sist of polycyclic axmatic hydrcarbns in the most 
peri-oondersed struchures possible for a given carfan number. Mi- 
onxmYs& PAH structures are the - c l d y  padcea arrangement of 
-tic rings. For the series of mmt peri-amknsd mlecules having 
only six- rings, LennardJang parameters wre estimabxi, and 
w d a t e d  w i t h  the m l d a r  weiqht. values of the correlated 
Lennan3-J- parameters for  the midpints of the 50-am langes 
mrrsidered (e.g., at 375 am for the 350-400 a m  range) were taken as 
the Iennard-Jams parameters for that %-arm -e, ea& range being 
treated as an irdividual flame species i n  the flux ard net reaction 
rate calculations. In the c(x~zse of the work, I a u - a n l - i r m  pram- 
for full-, aril haw= species cxntainirq both f i v e  and s~(- 
menbemd r-, - also estimated. It was f a n d  that replac- the 

gave values of Tc arr? Pc. 
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above calculated transport parameters for the 700-750 a m  mrqe w i t h  
those predict& for qo resulted in only slight quantitative ard no 
qualitative charges in the results. 

F I u x A N D R A m L z 4 L a m n c N ~  

mle fraction profiles for seleded mass ranges are Sxwn in Figure 
1. %e .profiles ahibit behavior -istent with that of a chemical 
m a t e ;  they are f i r s t  created then destroyed. licmzver, the 
mater ia l  heavier than 350 a m  is not axpletely destroyed in the f lam 
be- med. We calculakd net reaction rates (Figure 2 )  also 
reflect behavior typical of ate species, the profiles for each 
50-arm fzaction haviq  a region of net production f o l l d  by one of 
net oonnrmption. (We wiggles a t  the exbares of the rate profiles are 
artifacts of the mical smmthmg ' differentiation techniquesl2. ) 

BEHAVIOR OF 700-750 PNJ MXERIAL 

?he results for the 700-750 m mterial are different f m  all  the 
other ~ ? t w  profiles. The peak of the mole fraction profile is much 
broader ard oc~lls m& farther dmnstrem than is the case for any of 
the other ranges. ?he peak value of the mole fraction is also 
larger than what d d  be e f m  the abserved M of 
decreasing peak value with increasing mlealar weimt. '&e sarre 
abservations also hold for the mlar flux profiles. These results are 
also reflected i n  the net reaction rates calculated for the 700-750 aim 
m a t e r i a l .  ?he net production region is wider than that for any of the 
other 50-arrm fractions ard the peak is broader. The rat io  of the peak 
destruction rate to the peak pra3uction rate is also 1- for the 700- 
750 am m a t e r i a l  than for the other M. 

The results for the 700-750 am mterial  show that there is a 
larger m t  of material than in this imlecular weight range, 
that it is praiucsd over a lqer  region of the flarre, and that it is 
destroyed imre slowly, leading to an aaamulation of IMSS in this s i z e  
range. T h e  results mt be explained as the result of PAH 
coagulation, or in terms of especially stable PAH, but muld be 
expained in  tenui of an especially stable species which warld take 
longer to form ard be imre stable than the other PAH species. 

?he r su l t s  are consistent with the presence of c60 in the near- 
scotbq flam. The stability of c60 against attack by  radicals h3s 

cb~enredl3, ami in general, ,the relative alcnndan~e of c60 cc~pared 
to other CZlrbJn clusters is increased urd- mre severe reaction 
conditions. DE to its stability, C60 is likely to be destroyed imre 
slowly than the H?tw, oonsistent with the a m a t i o n  of m355 in the 
700-750 -e. We special structure of C60 would likely require imre 
time to be fomed than would a f l a t  PAH i m l d e  of ccsnparable s ize ,  
consistent with the delayed peaks in the 700-750 am profiles. 

- a3MpARISON WIVi (31HER O-!FIoNS OF c60 

ccmparison of thge results w i t h  those of HOPMM -3-5 w i l l  be 
pblished. Briefly, both studied employd the type of benzene 
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fl- a t  the same pressure, h t  the species ard the 
qui-- ratio ($) used in the t w  cases are different. merefore 
the amparison is sam&-mt axrplicatd ard requires explanation. zhe 
mm$er COTlOentZatiCdl prufile of 700-750 a m  fit6w a t  e 1 . a  fm the 
present study is cumred w i t h  the mmtxr cancentrations of G ~ +  a t  
p1.9  he fit6w as 
measuced by ~ittnerl dog not include ions. ions of ea& species, 
inclw c60, are e x p s t d  to be in nu& 1- concentratim than the 
neutrals. Also, the 700-750 auu HPWl d d  be exp f zkd  to include 
other species i n  additicn to 1~s5 720. For these reasom, the C,jo+ and 
c60- wmentxations M d  be ccolsiderably less than that of the 700- 
750 am HMM4. On the other hand, the 1- $ of the €!NW measurerwh 
d d  be to give oorsiderably loser cnrcentraticms than waiLd 
be w e 3  a t  the higher #Is  of the ion -ts. Cbnsiderbq 
these c p p x i r g  e f f e ,  the t w  sets of data are f a  to cclmpare 
favorably, w i t h  no obvious inoonsistencies. 
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A SHOCK TUBE INVESTIGATION OF SOOT FORMATION FROM TOLUENE/METHANOL 
MIXTURES. Alexiou, A. and Williams, A . ,  Department o f  Fuel and Energy, 
Leeds University, Leeds, LS2 9JT, UK, and Abdalla, A.Y., Helwan 
University, Cairo, Egypt. 

ABSTRACT 

Soot formation in toluene and toluene/methanol/argon mixtures was studied behind 
reflected shock waves using a laser beam attenuation technique. The experiments 
were undertaken over the temperature range 1484 - 2232K, pressure range 1.69 - 
2.77 bar and total carbon atom concentrations for the toluene alone in the range 
2.7 x 1017 - 1.1 x lo1* atoms/cm3 (0.5 to 1.5 mol %) and for toluene/methanol 
mixtures in the range 23 - 66 mol % methanol. 

The results indicate that the soot yield decreases with an increase in methanol 
concentration but the effect is not marked until the addition is greater than 50% 

The rates of soot formation from toluene and toluene/methanol mixtures 
have been determined and exhibit an Arrhenius dependence which was expressed by a 
correlation equation. The induction periods for soot formation were measured and 
were found to increase with methanol addition although the maximum soot yields 
were found to decrease. 

. methanol. 

INTRODUCTION 

Methanol is of considerable practical significance as an alternative fuel or as a 
blend with petroleum for internal combustion engines. Earlier studies have shown 
that methanol produces much less soot than typical hydrocarbon fuels but the 
addition of aromatics greatly increases soot formation (1,2). In contrast, in 
diesel engines, blends of diesel fuel oil with methanol produce substantially 
smaller amounts of soot. Surprisingly there has been little previous work on the 
gas phase combustion of these mixtures and only the benzene-methanol system has 
been studied by shock-tube techniques (1). In diffusion flames the decreasing 
fuel type is given by Glassman (3): aromatics > acetylene > olefins > paraffins > 
alcohols. Since there is usually agreement in the behaviour in diffusion flames 
and in shock tubes concerning soot tendency, we undertook a shock tube study to 
evaluate the soot suppression effect. We confined our work to toluene and 
toluene/methanol mixtures and we present in this paper data on the soot 
suppression effect of methanol added t o  toluene mixtures, rather than the 
alternative approach of adding aromatic fuels t o  enhance the radiation from 
methanol flames. 

EXPERIMENTAL 

The experiments were performed in reflected shock waves and details o f  the shock 
tube facility have been previously published (4). The test gas mixtures were 
prepared manometrically, ANALAR toluene and methanol were further purified by 
repeated freezing and evacuation. The experimental conditions are summarised in 
Table 1. 

A laser technique was employed and the absorption o f  the beam at 632.8 nm was 
used to measure the concentration of soot. Only toluene concentrations up to 1.5 
mol % could be studied because of the high levels of  absorption. The soot yields 
were calculated according to Graham’s model (5). 
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where Csoot = concent ra t ion  o f  t h e  p a r t i c u l a t e  carbon per  u n i t  volume, C,, a,  = t h e  
t o t a l  concent ra t ion  o f  carbon atoms per  u n i t  volume, N = Avogadro’s number, p = 
d e n s i t y  of soot, X = wavelength o f  the  measurement, I = i n t e n s i t y  o f  r a d i a t i o n  
which i s  func t ion  o f  t ime, t, EG] = imaginary p a r t  o f  t h e  f u n c t i o n  (m2-l)/(m2t2), 
m = the  complex r e f r a c t i v e  index. 

Since the  soot y i e l d  i s  a f u n c t i o n  o f  t h e  r e f r a c t i v e  index an accurate value i s  
necessary. Many workers, i n c l u d i n g  our p rev ious  work, have used t h e  value o f  Lee 
and Tien (6) which a t  t h i s  wavelength would g i v e  a value o f  E -  = 0.174. I n  the  
present work we used t h e  value o f  Ek, = 0.253 based on t h e  i n  ‘!#!lame measurements 
of Charalampopoulos and Chaung (7) .  I f  we had used t h e  Lee and T ien  da ta  we 
would have overest imated t h e  t o t a l  soot y i e l d  as p r e v i o u s l y  observed by Frenklach 
e t  a1 (10); indeed i f  d a t a  by some o f  t h e  e a r l i e r  researchers had been used the  
p o s i t i o n  would have been worse. 

EXPERIMENTAL RESULTS 

The r e s u l t s  obtained i n  t h e  to luene p y r o l y s i s  experiments a re  shown i n  F ig .  1. 
The amount o f  soot y i e l d  increased monoton ica l l y  w i t h  the  amount o f  to luene 
pyrolysed. The maximum slope on the  osc i l logram was measured and de f ined as the  
apparent r a t e  o f  soot fo rmat ion .  The c o r r e l a t i o n  equat ion o f  apparent r a t e  o f  
to luene p y r o l y s i s  i s  shown i n  F ig .  2 f o r  t h e  d i f f e r e n t  concent ra t ions  which are 
g iven i n  Table 1. The RH on t h i s  f i g u r e  stands f o r  t h e  fuel concent ra t ion  term, 
i n  t h i s  case toluene. The r a t e s  e x h i b i t e d  an Arrhenius dependence g iven by a 
c o r r e l a t i o n  equat ion:  

Rsoot (mol/m3s) = 1.38 l o 8  [C,H8]1.32 exp (-11,90O/T) 

The a c t i v a t i o n  energy which i s  v a l i d  up t o  1950 K (1532 - 1950 K) i s  i n  agreement 
w i t h  the values quoted by Simmons and Wi l l iams (9) ,  namely 99 - 118 kJ/mol 
depending on t h e  value o f  the  r e f r a c t i v e  index.  The constant and the  f u e l  
exponent have changed because o f  the  improved accuracy o f  the  present data. The 
f u e l  exponent i s  now c o n s i s t e n t  w i t h  t h e  value o f  1.48 repor ted  by Wang e t  a1 

Dur ing the  course o f  toluene/methanol p y r o l y s i s  mix tu res  an i n d u c t i o n  t ime was 
observed before any absorp t ion  occurred. Th is  i n d u c t i o n  t ime was t h e  t ime 
between t h e  r e f l e c t e d  shock wave and the  onset o f  soot formation. F igure  3 shows 
t h e  r e s u l t s  f o r  t h e  i n d u c t i o n  t imes. As i t  can be seen the  i n d u c t i o n  t ime 
increased w i t h  the  amount o f  methanol added t o  t h e  to luene.  The f o l l o w i n g  
equat ion f o r  c a l c u l a t i n g  the  soot i n d u c t i o n  t ime, t,,,,, based on a 5% r i s e  i n  
s igna l  was obtained. 

(8) .  

tSoot = 5.448 [ t o t a l  f ~ e l ] ~ . ~ ~  exp (-16,644/T) (3)  

where [ t o t a l  f u e l ]  = [C,H t CH,OH]. The soot y i e l d  decreased monoton ica l l y  w i t h  
t h e  increase of the  amount o f  methanol added t o  to luene a s  shown i n  f i g .  4 .  

The apparent r a t e  o f  toluene/methanol p y r o l y s i s  a re  measured i n  t h e  same way as 
to luene and cou ld  be expressed as fo l lows:  

Rsoot (mol/m3s) = 1.9 l o 5  [ t o t a l  fuel]-0.412 exp ( -  15,30O/T) ( 4 )  

which i s  v a l i d  i n  a temperature range 1580 - 1950 K. 

F ig .  5 shows the  c o r r e l a t i o n  equat ion o f  t h e  apparent r a t e  o f  soot format ion o f  
to luene methanol mix tu res  a t  d i f f e r e n t  concentrat ions (Table 1 ) .  

We attempted t o  o b t a i n  a c o r r e l a t i o n  equat ion i n c o r p o r a t i n g  b o t h  [C7H8] and 
[CH,OH] terms, b u t  we had grea t  d i f f i c u l t y  i n  separa t ing  t h e  terms i n  an equat ion 
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of, f o r  example, t he  form R,,, = C, [C7HJa exp J - E / R T )  - C [CH OHlb exp 
( -E /RT) .  Even though the c o r r e j a t i o n  which we ob ta ined  i s  no t  i a e a l  !t can be 
use% t o  express the r a t e s  and by comparing equations (2) and (4) conclus ions 
could be made about the r o l e  o f  added methanol. The experimental determined 
exponent o f  the f u e l  term i n d i c a t e s  t h a t  an increase o f  methanol concentrat ion 
w i l l  decrease the  apparent r a t e  o f  soot format ion.  I n  a d d i t i o n  t h e r e  are 
d i f f e rences  i n  the  a c t i v a t i o n  energies and i n  the  pre-exponent ia l  f a c t o r  which 
are very s i g n i f i c a n t .  

DISCUSSION 

I n  the e a r l y  work by Graham (5 )  the ex ten t  o f  conversion o f  i n i t i a l  carbon i n  the 
f u e l  t o  soot was determined a t  2 .5  ms. Based on t h i s  observat ion t ime t h e  soot 
y i e l d  f e l l  r a p i d l y  w i t h  i nc reas ing  temperature from 100% a t  -1800 K t o  l e s s  than 
5% a t  2300 K. H e  developed h i s  well-known scheme which i nvo l ved  condensation 
reac t i ons  a t  around 1000 t o  1800 K and f ragmentat ion r e a c t i o n  above t h a t  
temperature. Later  Frenklach (10) demonstrated t h a t  t he  soot y i e l d  i s  no t  
un i ve rsa l ,  but i s  dependent on experimental c o n t r o l l a b l e  va r iab les  such as 
observat ion t i m e ,  t o t a l  pressure and l a s e r  wave-lengths. He pos tu la ted  another 
model f o r  soot format ion inc luded po lymer i sa t i on  and f ragmentat ion reac t i ons .  

In our work we measure the maximum conversion o f  t he  f u e l  t o  soot i r r e s p e c t i v e  of 
~ the t ime.  As i s  shown i n  f i g .  1, the maximum y i e l d  occurs a t  - 1900 K above 

which fragmentation takes place r e s u l t i n g  i n  a reduc t i on  i n  soot y i e l d .  Based on 
t h i s  observat ion we do agree w i t h  Frenklach (10) t h a t  t he  soot y i e l d  maximum i s  
no t  un i ve rsa l  and the  condensation, fragmentation reac t i ons  take p lace according 
t o  experimental cond i t i ons .  

The unimolecular  decomposition o f  methanol a t  h i g h  temperature i s  considered t o  
i nvo l ve  two reac t i ons  (11) .  

CH,OH t M + CH, t OH + M 

CH,OH t M + CH, OH t H t M (ii) 

A computer model f o r  toluene/methanol p y r o l y s i s  has been developed i n  which the 
i n i t i a t i o n  react ions ( i )  and ( i i )  o f  methanol together  w i t h  the  low a c t i v a t i o n  
energy reac t i ons  o f  H and CH w i t h  CH,OH has been used i n  order  t o  evaluate the 
reduc t i on  o f  the soot y i e l d .  P re l im ina ry  r e s u l t s  a t  about 1900 K not  
s u r p r i s i n g l y  demonstrate the  importance and the  r a p i d  format ion o f  OH and the 
products H,O and C O  i nc reas ing l y  as methanol i s  added t o  to luene.  These 
react ions are a l so  responsib le  f o r  t he  increased soot i n d u c t i o n  per iod.  
Therefore i t  seems t h a t  t he  presence o f  O H  r a d i c a l s  when methanol i s  added t o  
to luene leads t o  the  behaviou'r observed exper imenta l ly .  These r e s u l t s  are 
cons is ten t  w i t h  the r o l e  o f  OH ds an ox idant  i n  carbon-forming flames (12).  

More r e c e n t l y ,  Frenklach ( l ) ,  i n  h i s  work on a lcohol  add i t i on ,  expla ined t h a t  t he  
reduct ion i s  a l so  due t o  hydrogen atom scavenging. Alcohols undergo t h e  H- 
abs t rac t i on  reac t i ons  which r e s u l t s  i n  the reduc t i on  i n  the superequ i l i b r i um o f  H 
atoms. I n  to luene p y r o l y s i s  the overshoot o f  hydrogen atoms beyond t h e i r  
e q u i l i b r i u m  concentrat ion i s  responsib le  f o r  t he  propagat ion o f  t he  r i n g  growth 
process. Our work i s  cons i s ten t  w i t h  t h i s  s ince we demonstrate t h i s  soot 
reduc t i on  and t h i s  e f f e c t  i s  not  marked u n t i l  t he  a d d i t i o n  i s  g rea te r  than 50 mol 
% methanol. 

F i n a l l y  i t  should be noted t h a t  these r e s u l t s  are cons is ten t  w i t h  t h e  behaviour 
o f  methanol i n  f u e l  blends f o r  gasol ine engines. I n  t h e  case o f  d i e s e l  engines 
the marked reduc t i on  i n  soot y i e l d s  cannot a r i s e  from gas phase reac t i ons  alone 
and must a r i s e  from some phys i ca l  change such as s e l e c t i v e  d r o p l e t  evaporat ion o r  
d i s r u p t i v e  burning. 
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CONCLUSIONS 

The r e s u l t s  o f  the  present  study show t h a t  methanol a c t s  as a suppressing agent 
f o r  soot format ion.  However t h i s  reduc t ion  i s  o n l y  achieved when t h e  presence o f  
methanol exceeds more than 50% i n  the t o t a l  f u e l  m i x t u r e  t o  be pyrolysed. 
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Fig. 1. Comparison o f  the s o o t  yield at different 
toluene concentrations. 
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Fig. 2. Correlation equation o f  apparent rate o f  
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concentrations. 

1552 



Fig .  3 .  I nduc t i on  t imes f o r  soot appearance a t  
d i f f e r e n t  toluene/methanol concent ra t ion .  

. I 

Fig .  4. Comparison o f  t h e  soot y i e l d  a t  d i f f e r e n t  
toluene/methanol concent ra t ions .  
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INTRODUCTION 

Identification of the reaction pathways whereby fuel-bound nitrogen evolves as NO, in the 
combustion of low rank fuels has attracted considerable recent attention. As models for the evolution 
of NO, from coal combustion, compounds containing the six-membered heteroaromatic pyridine ring 
and the five-membered pyrrole ring are being investigated. Recently, we have studied the kinetics 
of pyrolysis of pyridine' by single pulse shock tube techniques and developed a detailed kinetic 
reaction mechanism to model the observed products of decomposition. Pyridine was found to 
decompose principally via a hydrogen chain mechanism involving abstraction of the ring hydrogen 
ortho to the nitrogen atom, followed by ring scission of the o-pyridyl radical to an open-chain 
radical which could eliminate acetylene and form the HC=CH-CN radical which may eliminate H 
and form cyanoacetylene or produce acrylonitrile via an abstraction route. HCN was found to be 
largely a secondary product of pyrolysis of these organic nitriles and also of acetonitrile. 

More recently, our investigations of the kinetics of pyrolysis of pyrrole* have shown that the five- 
membered heterocycle decomposes very differently from the six-membered heteroaromatic. 
Isomerization followed by ring opening to the open-chain (;H,CN isomers of pyrrole predominates 
the mechanism. Our interpretation of the kinetics has assumed that the decomposition is initiated by 
the reversible tautomeric reaction 

to form the 2-H pyrrole (pyrrolenine) with subsequent rupture of the weaker C2-N bond in the 2-H 
tautomer. It has been shownz3 that only through secondary decomposition of the GH,CN products 
(principally cis- and trans- crotononitrile and allyl cyanide) are the NO, precursors including HCN 
produced. Thus, an understanding of the pathways of NO, formation from pyrrole rings requires a 
knowledge of the thermal decomposition kinetics of the GH,CN isomers of pyrrole. This is 
considered in one part of this paper. 

In heavy fuels heteroatoms are often found in condensed ring environments and in substituted rings 
rather than in the simple unsubstituted five- and six-membered rings. Evolution of NO, precursors 
might well depend upon the degree of heteratomic ring substitution or condensation. The present 
work therefore involves, in part, a study of the simplest ring substituted heteroaromatic, 2-picoline 
(2-methylpyridine), the heteroaromatic analogue of toluene, whose stabilized radical, benzyl plays 
an important role in aromatic hydrocarbon pyrolyses and oxidations. Its heteroaromatic radical 
analogue, 2-picolyl might also be expected to be a key radical in heteroaromatic oxidations. 
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EXPERIMENT& 

Kinetics of pyrolysis of the nitrogen-containing products (cis- and trans-crotononitrile, allyl cyanide 
and 2-picoline) have been studied dilute in argon (0.1-0.4 mol%) in a single-pulse shock tube 
(SPST) over the temperature range 1100 to 1700 K, at pressures from 17-23 atm and at uniform 
residence times behind the reflected shock front of 600-800 p. Analyses of products and remaining 
reactant have been made by capillary column GC. Product identifications have been made, where 
possible by comparison of retention times with standard samples, after initial identification by GC/MS 
and, in some cases, by m R  spectrometry. The shock tube is equipped with pairs of UV- 
transmitting sapphire windows adjacent to the endwall. The absorption spectra of 2-picoline vapour 
and its products of decomposition have been measured over the wavelength range of 250-350 nm 
at a distance of 35 mm &om the endwall with a detection system of time constant s5 p. Details 
of the shock tube and ancillary analytical system are presented in our earlier publications.’.’ 
Samples of each compound studied were purchased from Aldrich of 98-99% purity and were further 
purified by several bulb-to-bulb distillations to greater than 99.8% (by GC) in all cases. Pressures 
and temperatures behind the reflected shock were computed from measurements both of incident and 
reflected shock velocities. 

RESULTS AND DISCUSSION 

Figures l(a)-(d) illustrate the temperature profiles of all products of significance for both allylcyanide 
and crotononitrile pyrolysis. The same set of products was observed irrespective of whether the 
initial reactant was allyl cyanide or crotononitrile, with only the relative yields of the products 
changing with starting isomer. HCN, acetylene, acetonitrile and acrylonitrile were all observed at 
very low extents of decomposition, and remained the major products at high extents of 
decomposition. Minor nitrogen-containing products were ethyl cyanide, cyanoacetylene, and 
cyanopropyne/cyanoallene. Methane was also present in significant concentrations, along with 
smaller quantities of ethylene, propene and propyne. Traces of the following compounds could also 
be detected: cis- and trans- l-cyano(l,3-)butadiene, benzonitrile, pyridine, diacetylene, 1,3- 
butadiene, 1-butene, benzene and toluene. The major difference in product distributions between the 
reactants crotononitrile and allylcyanide was that allylcyanide yielded significantly higher proportions 
of HCN, acetonitrile, acetylene and ethylene. C, hydrocarbons were also generated in higher 
concentrations for allyl cyanide when compared with crotononitrile. No dependence of the rate of 
decomposition of the reactant on initial concentration was observed. 

The product distribution observed in the pyrolysis of the butenenitriles can best be described in terms 
of a free radical mechanism. The observation of a mixture of GH,CN isomers in the product mixture 
shows that isomerization of the starting isomers occurs simultaneously with decomposition. Although 
there are considerable uncertainties in the thermochemistry of some of the nitrogen-containing 
radicals produced, it would appear that the most likely initiation reaction for the free radical 
mechanism would occur through single C-C bond fission. For crotononitrile, C,-C, bond fission 
[reaction (l)] would be expected to take place whereas with allyl cyanide C& fission (2) would 
be most favourable. 

CHJHCHCN -. CH, + HC=CHCN 

H,C=CHCH,CN 4 H,C=CH + CH,CN 

(1) 

(2) 

Although initiation through C-H bond fission is possible, the significantly higher C-H bond energy 
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would make this only a minor initiation pathway. Thermochemical parameters for radicals and other 
species of importance in this study are given in Table 1. In the Table certain of the heats of 
formation have been obtained from kinetic modeling of pyrolysis kinetics. Entropies and heat 
capacities have been obtained by approximate Third Law calculations. 

Formation of the major products, acetylene and acetonitrile, can be modeled by means of a simple 
abstraction chain mechanism in which the abstacting radical is CH,CN. See Figure 2. A major 
intermediate in this mechanism would appear to be the cyanoallyl radical, C,H,CN. Analogous with 
allyl itself, we would expect this radical to possess resonance stability. Fission of a C-C bond in 
this radical would seem less likely than rearrangement to a less stable radical whose bond fission 
leads to q H ,  and to regeneration of CH,CN. Both vinyl and its cyano- analogue, cyanovinyl 
(HC=CHCN), should readily undergo unimolecular C-H fission, on the one hand to acetylene, on 
the other, to produce the observed cyanoacetylene. Hydrogen atom addition, either to the double 
bond of C,H,CN to to the nitrile group can produce another set of observed products, including the 
major products acrylonitrile and HCN. (See Figures 3 and 4). A detailed kinetic model comprising 
107 reactions which include both abstractions and H additions as well as isomerization reactions of 
the GH,CN isomers, has been used to satisfactorily model the major and minor products of the 
pyrolyses of crotononitrile and allyl cyanide? Examples of the comparison between model 
predictions and experiment are given for some major products in Figure 5 .  

2-Picoline may be considered to be the nitrogen heteroaromatic analogue of toluene. Behind 
reflected shock waves at residence times of about 800 ps and 20 arm, 2-picoline begins to dissociate 
at about 1250 K. Principal products of decomposition are HCN and GH, although cyanoacetylene, 
acrylonitrile and acetonitrile are significant nitrogen containing products. 2-Ethylpyridine and 
pyridine, especially at lower tempertures, are also observed. By analogy with toluene, we would 
expect the pyrolysis to be dominated by reactions of the 2-picolyl radical, the analogue of benzyl. 
Troe et al'" have made an extensive investigation of the electronic absorption spectra of benzyl and 
benzyl decomposition fragments in both thermal and laser decomposition of toluene and side-chain 
substituted derivatives. They found that the spectral region around 300 nm in shock heated toluene 
is dominated by benzyl radical and benzyl products spectra. 

Similarly we find the the absorption spectrum between 300-340 nm of shock heated 2-picoline is 
dominated by absorbing species which show strikingly similar temporal behaviour to those reported 
by Troe et ai? Figure 6 gives an example of the spectrum of decomposing 2-picoline vapour 
(0.2%) in argon at a temperature of 1634 K. Note the rapid rise in absorption to an initial steady 
state, followed by a longer time steady rise in absorption. The absorption is most probably the 
consequence of at least two absorbers, the first a species which undergoes rapid equilibration 
followed by slower decomposition to a more stable product or products. Similar observations in 
toluene decomposition have by attributed by Troe et a15*6 to the initial formation of benzyl radicals 
which equilibrate rapidly owing to an unexpectedly high value of the rate constant for recombination 

PhCH, + H -, PhCH, (-3) 

Slower decomposition was attributed to homogeneous recombination of benzyl radicals to produce 
dibenzyl which eventually underwent successive H fissions to the highly absorbing molecule, stilbene. 

It is therefore tempting in our 2-picoline studies to assign the initial absorber of 330 nm radiation 
to the 2-picolyl radical, which, like benzyl, must also undergo rapid recombination with H atoms. 
The slower increase in absorption would therefore be associated with 2-picolyl reaction products 
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which are sufficiently conjugated to absorb strongly around 330 nm. It would seem that such 
chromophores are not very volatile since no absorption around 330 nm can be detected in the 
absorption spectra of the products when cooled to room temperature. 

More work is required to establish that the initial carrier of 330 nm radiation is the 2-picolyl radical 
in the pyrolysis of 2-picoline. If, tentatively, we assume that the pyrolysis of 2-picoline is initiated 
by H atom fission to form 2-picolyl (reaction 3) then the value given in Table 1 for the heat of 
formation of this radical is in accord with our experiments. Values for the entropy and heat capacity 
of this radical have been obtained by a Third Law calculation in which vibrational frequencies of the 
radical have been estimated from those of toluene, benzyl and 2-picoline"' and moments of inertia 
calculated from an estimated geometry. 
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Table 1. Thermochemical data for nitrogen-containing compounds 

Species AHL3m s , ,  C, cavWmol Ref. 
kcaVmol cam 

300 500 1000 1500 2000 

CH,CN 59.0 59.8 12.3 15.5 20.2 22.6 29.3 8 

HC=CHCN 97.9 67.2 15.9 19.8 25.3 27.8 29.3 PW 

H,C=CHCHCN 77.0' 73.0 19.1 28.0 39.2 43.6 46.1 PW 
(cyanoallyl) 

n c = c n c H , m  91.6' 80.3 21.1 28.0 39.2 42.7 45.4 PW 

H,CCH=CHCN 85.0' 76.5 22.3 32.1 45.5 51.0 54.4 PW 

H,CCH=CHCH=N 80.6 76.5 22.3 32.1 45.5 51.0 54.4 PW 

PY' 81.7' 72.6 18.0 28.9 42.8 48.5 51.1 1 

PyCH,b 65' 78.1 25.4 38.9 56.4 63.8 67.5 PW 

'ortho-pyridyl radical borrho-picolyl radical PW: present work 
'Value derived from kinetic modeling. 
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Figure 5@). Modeling of Crotononitrile Concentration : 
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Figure 5(c). Modeling of HCN Formation : 
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H 
l o o p  

ISF RSF 

Figure 6. Time dependence of an oscilloscope trace recording the absorption of 330 nm radiation in the 
pyrolysis of 2-picoline at 1634 K and 20 atm. ISF denotes the arrival of the incident shock 
front at the observation window, RSF denotes reflected shock front. 
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INTRODUCTION 

T h i s  a r t i c l e  d i s c u s s e s  t h e  FP- or LP-ST t e c h n i q u e .  The model ing  
of t h e  o x i d a t i o n  of  H 2  w i l l  be  s p e c i f i c a l l y  f e a t u r e d .  The r e a c t i o n s  
t h a t  p e r t a i n  t o  t h i s  o x i d a t i v e  sys t em and t h a t  have  been  s t u d i e d  by 
e i t h e r  t h e  FP- o r  LP-ST t e c h n i q u e ,  w i l l  b e  r ev iewed .  These i n c l u d e ,  

n i 0 2  = OH i 0, (1) 

0 + H 2  OH + H ,  (2)  

n + n20 = ~2 + on, ( 3 )  

0 + H 2 0  + OH + OH, ( 4 )  

H f 0 2  f M - H 0 2  i M, . ( 5 )  

and  t h e i r  d e u t e r a t e d  m o d i f i c a t i o n s .  Bo th  f o r w a r d  a n d  r e v e r s e  
p r o c e s s e s  w i l l  be i n c l u d e d  i n  t h e  d i s c u s s i o n  s i n c e ,  i n  a l l  c a s e s ,  t h e  
e x i s i n g  d a t a  i n d i c a t e  t h a t  t h e  r e a c t i o n s  a r e  m i c r o s c o p i c a l l y  
r e v e r s i b l e .  Hence, d a t a  e v a l u a t i o n s  c a n  b e  made o v e r  v e r y  l a r g e  
t e m p e r a t u r e  r a n g e s .  

EXPERIMENTAL 

The FP-ST t e c h n i q u e  was f i r s t  s u g g e s t e d  by Burns and  Horn ig l  and w a s  
f o l l o w e d  by some O H - r a d i c a l  r e a c t i o n  s t u d i e s  by  Z e l l n e r  and  
c o w o r k e r s . 2  The t e c h n i q u e  h a s  r e c e n t l y  been  e x t e n d e d  w i t h  t h e  atomic 
re sonance  a b s o r p t i o n  s p e c t r o s c o p i c  (ARAS) method o f  d e t e c t i o n . 3  Th i s  
e x t e n s i o n  n a t u r a l l y  f o l l o w s  f rom t h e  e a r l i e r  w o r k . l r 2  A less  
ambiguous expe r imen t  i s  now p o s s i b l e  s i n c e  s p e c t r o s c o p i c  a b s o r p t i o n  
by a t o m i c  s p e c i e s  i s  s t r o n g e r  t h a n  by d i a t o m i c  o r  p o l y a t o m i c  
r a d i c a l s ,  and t h u s ,  s m a l l e r  c o n c e n t r a t i o n s  can  b e  d e t e c t e d  t h e r e b y  
e l i m i n a t i n g  c o m p l i c a t i o n s  from secondary  r e a c t i o n s .  T h i s  development 
h a s  a l l o w e d  a b s o l u t e  b i m o l e c u l a r  r a t e  c o n s t a n t s  t o  b e  d i r e c t l y  
s t u d i e d  o v e r  a l a r g e  T-range, -650 t o  2500 K .  

The shock  t u b e  methods t h a t  a r e  u s e d  i n  FP- o r  LP-ST s t u d i e s  a r e  
t r a d i t i o n a l .  A s c h e m a t i c  d i a g r a m  o f  a r e c e n t l y  c o n s t r u c t e d  
a p p a r a t u s 5  i s  shown i n  F i g .  1. The t e c h n i q u e  h a s  been  d e s c r i b e d  
p rev ious ly ,5 r6p7  and t h e r e f o r e ,  on ly  a b r i e f  d e s c r i p t i o n  w i l l  be g iven  
h e r e .  The method u t i l i z e s  t h e  d o u b l e  h e a t i n g  e f f e c t  t h a t  c a n  be  
o b t a i n e d  by r e f l e c t e d  shock wave methods .  The n e a r l y  s t a g n a n t  g a s  i n  
t h e  r e f l e c t e d  shock  wave reg ime i s  s u b j e c t e d  t o  e i t h e r  f l a s h  o r  l a s e r  
p h o t o l y i s  t h e r e b y  p roduc ing  a n  a t o m i c  s p e c i e s  i n  t h e  c e n t r a l  h o t  gas  
r e g i o n .  The t i m e  dependence  of  t h e  atomic s p e c i e s  i s  t h e n  r a d i a l l y  
m o n i t o r e d  a s  it r e a c t s  w i t h  a n  added  r e a c t a n t  m o l e c u l e .  I t  i s  
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n e c e s s a r y  t o  h a v e  a s o u r c e  m o l e c u l e  p r e s e n t  which ,  on  p h o t o l y s i s ,  
g i v e s  the  a t o m i c  s p e c i e s  o f  i n t e r e s t .  

I f  t h e  t r a n s m i t t a n c e  f o r  any  a t o m i c  a b s o r p t i o n  exper iment  c a n  b e  h e l d  
above -0 .8 ,  t h e n  B e e r ' s  l a w  w i l l  h o l d  t o  a good a p p r o x i m a t i o n  if t h e  
l i n e  i s  n o t  t o o  h i g h l y  r e v e r s e d .  I n  FP- a n d  LP-ST e x p e r i m e n t s  w i t h  
u n r e v e r s e d  o r  o n l y  p a r t i a l l y  r e v e r s e d  r e s o n a n c e  l a m p s ,  i t  i s  
t h e r e f o r e  o n l y  n e c e s s a r y  t o  m e a s u r e  t h e  t e m p o r a l  b e h a v i o r  of 
a b s o r b a n c e ,  (ABS), where (ABS) a - l n ( I / I o ) .  S i n c e  B e e r ' s  l a w  h o l d s ,  
t h e  atom c o n c e n t r a t i o n ,  [ A I ,  i s  e q u a l  t o  (ABS)/O*l. I n  a l l  c a s e s ,  t h e  
r e a c t a n t  c o n c e n t r a t i o n  i s  v e r y  much l a r g e r  t h a n  t h a t  of t h e  atom, and 
t h e r e f o r e ,  t h e  d e c a y  o f  A w i l l  obey  p s e u d o - f i r s t - o r d e r  k i n e t i c s .  
S i n c e  [ A ]  i s  p r o p o r t i o n a l  t o  (ABS), it is o n l y  n e c e s s a r y  t o  measure 
t h e  t e m p o r a l  b e h a v i o r  of a b s o r b a n c e ,  (ABSl t ,  i n  a k i n e t i c s  
e x p e r i m e n t .  The r a t e  of  d e p l e t i o n  of t h e  a t o m i c  s p e c i e s  i s  t h e  
p r o d u c t  o f  t h e  t h e r m a l  r a t e  c o n s t a n t  t i m e s  t h e  c o n c e n t r a t i o n s  o f  t h e  
r e a c t a n t  and t h e  d e p l e t i n g  a t o m i c  c o n c e n t r a t i o n .  A f t e r  i n t e g r a t i o n ,  
a p l o t  o f  l n ( A B S ) t  a g a i n s t  t i m e  w i l l  y i e l d  a d e c a y  c o n s t a n t  t h a t  i s  
e q u a l  t o  t h e  p r o d u c t  of t h e  t h e r m a l  r a t e  c o n s t a n t  t i m e s  t h e  r e a c t a n t  
c o n c e n t r a t i o n .  F i g .  2 shows a t y p i c a l  p l o t  of a n  e x p e r i m e n t .  The 
t o p  p a n e l  shows a n  a c t u a l  raw d a t a  s i g n a l  a n d  t h e  b o t t o m  p a n e l  shows 
t h e  f i r s t - o r d e r  p lo t  d e r i v e d  from t h e  t o p  p a n e l .  The n e g a t i v e  s l o p e  
o f  t h e  p l o t  g i v e s  t h e  d e c a y  c o n s t a n t  w h i c h ,  on d i v i s i o n  b y  t h e  
r e a c t a n t  c o n c e n t r a t i o n ,  g i v e s  a measurement  o f  t h e  t h e r m a l  r a t e  
c o n s t a n t  a t  t h e  c o n d i t i o n s  o f  t h e  e x p e r i m e n t  as d e t e r m i n e d  f rom t h e  
i n i t i a l  p r e s s u r e ,  t e m p e r a t u r e ,  and  t h e  shock s t r e n g t h .  

RESULTS 

H + 02 - OH + 0 and D + 0 2  - OD t 0: The f i r s t  p u b l i s h e d  LP-ST 
p a p e r 8  showed t h a t  t h e  p h o t o l y s i s  of H20 a t  193  nm y i e l d s  b o t h  H- 
atoms a n d  O H - r a d i c a l s  a t  h i g h  t e m p e r a t u r e s .  I n  r e c e n t  LP-ST 
e x p e r i m e n t s , g  H 2 0  p h o t o l y t e  was u s e d  a t  TP1085 K .  With t h e  h i g h e r  
f l u e n c e s  f rom e x c i m e r  l a se r  p h o t o l y s i s ,  e x p e r i m e n t s  c o u l d  be 
p e r f o r m e d  w i t h  less H 2 0  b e i n g  p r e s e n t  t h a n  i n  a n  e a r l i e r  FP-ST s t u d y  
t h a t  u s e d  t h e  same t e c h n i q u e  of d e t e c t i o n . 1 °  T h i s  h a s  a l l o w e d  
e x p e r i m e n t s  t o  b e  p e r f o r m e d  a t  s u b s t a n t i a l l y  h i g h e r  T, up t o  2278 K .  
F i g .  2 shows a t y p i c a l  e x p e r i m e n t .  Data  w i t h  b o t h  H20 a n d  NH3 a s  
p h o t o l y t e  m o l e c u l e s  have  y i e l d e d  t h e  A r r h e n i u s  r e s u l t ,  

k l = ( 1 . 1 5  f 0 . 1 6 )  x exp(-6917 f 1 9 3  K / T )  cm3  molecule- l  s-l, ( 6 )  

f o r  11031T52055 K .  S i m i l a r  r e s u l t s  for r e a c t i o n  (1D) w i t h  D 2 0  a s  
p h o t o l y t e  g i v e  t h e  A r r h e n i u s  r e s u l t ,  

k lD=(1.09 f 0 . 2 0 )  x exp(-6937 f 247 K / T )  cm3 molecule-1 s-l, ( 7 )  

f o r  10852TS2278 K .  The r e v e r s e  rate c o n s t a n t s  can  b e  d e t e r m i n e d  from 
JANAF e q u i l i b r i u m  v a l u e s , l l  a n d  r a t e  c o n s t a n t s  f o r  f o r w a r d  and 
r e v e r s e  p r o c e s s e s  a r e  l i s t ed  i n  T a b l e  I .  

0 + H2 - OH + H and 0 t D2 -. OD + E: FP-ST e x p e r i m e n t s  w i t h  NO 
a s  t h e  0-atom s o u r c e  h a v e  b e e n  c a r r i e d  o u t  on b o t h  t h e  H212 and  Dz5 
r e a c t i o n s .  The r e s u l t s  f o r  0 + H2 c a n  b e  d e s c r i b e d  by t h e  A r r h e n i u s  
e q u a  t ion,  

k2=(3 .10  f 0 . 2 0 )  x exp(-6854 f 84 K / T )  c m 3  molecule- I  s- l ,  ( 8 )  
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f o r  8801T22495 K .  0 + D2 can s i m i l a r l y  b e  d e s c r i b e d  by,  

k 2 ~ = ( 3 . 2 2  f 0.25)  x exp(-7293 f 98 K/T)  cm3  mo lecu le - l  s - l ~  (9 )  

f o r  8251TS2487 K .  E a r l i e r  shock  t u b e  d e t e r m i n a t i o n s  are i n  r e a s o n a b l e  
agreement  w i t h  t h e s e  direct r e s u l t s .  The re  a r e  a l s o  a number of lower 
t e m p e r a t u r e  d e t e r m i n a t i o n s  f o r  k212-16 and k 2 ~ .  1 4 - 1 8  The most r e l i a b l e  
low T d a t a  a r e  t h o s e  o f  S u t h e r l a n d  e t  a l . , l 2  W e s t e n b e r g  a n d  , 
d e H a a s , l 3 f l 7  Presser and  Gordon,16 and Zhu e t  a 1 . 1 8  These  d a t a  have  
been combined w i t h  t h e  FP-ST d a t a  t o  g i v e  t h r e e  p a r a m e t e r  e x p r e s s i o n s  
t h a t  can  be u s e d  o v e r  t h e  e n t i r e  e x p e r i m e n t a l  t e m p e r a t u r e  r a n g e .  

k ~ 8 . 4 4  x T 2 . 6 7  exp(-3167 K / T )  c m 3  mo lecu le - l  s-l, (10) 

f o r  2971TS2495 K , 1 2  and ,  

k 2 ~ = 2 . 4 3  x T1.’O exp( -4911  K / T )  c m 3  mo lecu le - l  s-1, (11) 

f o r  343cTS2487 K . 5  E q s .  (10) and  (11) a g r e e  w i t h i n  a few p e r c e n t  
w i t h  a l l  s t u d i e s  e x c e p t  t h a t  o f  M a r s h a l l  a n d  F o n t i j n . 1 5  R a t e  
c o n s t a n t s  for t h e  r e v e r s e  r e a c t i o n s  c a n  b e  c a l c u l a t e d  from JANAF 
e q u i l b r i u m  c o n s t a n t  v a l u e s , l l  and t h e  v a l u e s  for b o t h  f o r w a r d  and  
r e v e r s e  r a t e  c o n s t a n t s  a r e  compiled i n  Tab le  I .  

H + E20 - H2 + OH and D + D20 - 02 t OD: T h e r e  a r e  o n l y  two 
d i r e c t  s t u d i e s  of r e a c t i o n  ( 3 ) ,  one b e i n g  w i t h  t h e  FP-ST19 and  t h e  
o t h e r  b e i n g  w i t h  t h e  LP-ST* t e c h n i q u e s .  The r e s u l t s  from t h e s e  two 
s t u d i e s  a r e  g i v e n  i n  A r r h e n i u s  form a s ,  

k3=(4.5f!  f 0 . 6 1 )  x exp(-11558 f 243 K/T) cm3 molecu le -1  s-l, ( 1 2 )  

f o r  12465TS2297 K ,  and ,  

k3=(3 .99  f 0 . 4 2 )  x exp(-10750 f 500 K/T)  c m 3  mo lecu le - l  s - I , ( 1 3 )  

for 16001TS2500 K,  r e s p e c t i v e l y .  These  t w o  e q u a t i o n s  a g r e e  w i t h i n  
combined e r r o r  l i m i t s  o v e r  t h e  r ange  of T ’ o v e r l a p .  A t  h i g h  T, t h e r e  
i s  o n l y  one  d i r e c t  FP-ST s t u d y z 0  of r e a c t i o n  ( 3 D ) .  These  r e s u l t s  a r e  
d e s c r i b e d  f o r  12851T12261 K by t h e  A r r h e n i u s  e x p r e s s i o n .  

k 3 ~ t 2 . 9 0  f 0 . 7 3 )  x exp(-10815 f 356 K/T) cm3 molecule-1 s - l ( l 4 )  

The re  are numerous e a r l i e r  s t ~ d i e s ~ ~ - ~ ~  of r e a c t i o n  ( -3)  w i t h  f o u r  
b e i n g  p a r t i c u l a r l y  n o t a b l e  .21,23-25 JANAF e q u i l i b r i u m  c o n s t a n t s l l  have 
been  u s e d  t o  t r a n s f o r m  t h e s e  r e v e r s e  r a t e  c o n s t a n t  d a t a z 5  t o  t h o s e  
f o r  t h e  f o r w a r d  p r o c e s s ,  and a n  e v a l u a t i o n  h a s  been c a r r i e d  o u t  for 
250STS2581 K .  A t h r e e  p a r a m e t e r  e x p r e s s i o n  d e s c r i b e s  t h e  r e s u l t s .  c 

k3 = 1 . 5 6  x T1.52 exp(-9249 K / T )  c m 3  mo lecu le - l  s-l .  ( 1 5 )  

S i n c e  t h e  d a t a  a r e  n o t  a s  e x t e n s i v e ,  a n  e x t e n d e d  e x p r e s s i o n  f o r  k 3 ~  
canno t  b e  e v a l u a t e d ;  however,  v a l u e s  for t h e  back r e a c t i o n  (-30) can  
b e  d e r i v e d  f rom JANAF v a l u e s . l l  T h i s  e x p r e s s i o n  and  t h e  o t h e r  
d e r i v e d  e x p r e s s i o n s  a r e  g iven  i n  Tab le  I .  

I 

I 

1 
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0 + H20 - OH + OH and theory for 0 + D20 -. OD + OD: T h e r e  
are t h r e e  d i r e c t  s t u d i e s  o f  r e a c t i o n  ( 4 ) 2 6 - 2 8  f o r  t h e  T-ranges ,  1053- 
2033 K , 2 6  1500-2500 K , 2 7  a n d  753-1045 K , 2 8  r e s p e c t i v e l y .  The FP-ST 
r e s u l t s  f rom S u t h e r l a n d ,  e t  a 1 . z 6  can  be r e p r e s e n t e d  by t h e  A r r h e n i u s  
e q u a t i o n ,  

kq=1.10 x exp(-9929 K / T )  c m 3  molecule- I  s-l, (16) 

for  1288<T<2033 K .  The r e s u l t s  f rom L i f s h i t z  and Michae lz7  a r e ,  

k 4 = ( l . 1 2  * 0 .20)  x exp(-9115 k 304 K/T) c m 3  molecule- l  s-l, (17) 

f o r  1500<T<2500 K .  The a c t i v a t i o n  e n e r g i e s  are d i f f e r e n t  w i t h  t h e  
l a t t e r  b e i n g  l o w e r  t h a n  t h e  f o r m e r  by -10%.  Evenso,  t h e  agreement  
between t h e  two s t u d i e s  i s  good w i t h  e q .  ( 1 6 )  b e i n g  -30-40% lower  
t h a t  t h a t  o f  e q .  ( 1 7 ) .  The s p r e a d  i n  t h e  d a t a  f rom e a c h  s t u d y  i s  
-*15-20%, a n d  t h e  t w o  s e t s  o v e r l a p  over t h e  common T - r a n g e .  
S u t h e r l a n d ,  e t  a 1 . 2 6  have a l s o  c a r r i e d  o u t  F l a s h  Photo lys i s -Resonance  
F l u o r e s c e n c e  (FP-RF) s t u d i e s  a t  l o w e r  T, 1053 t o  1123 K ,  and  t h e s e  
d a t a  a r e  t h e  most a c c u r a t e  t o  d a t e  for r e a c t i o n  ( 4 ) .  T h e r e  a r e  
numerous e x p e r i m e n t a l  s t u d i e s  o f  t h e  back  r e a c t i o n  ( - 4 )  . 2 2 b f 2 9  These 
d a t a  have  been  combined w i t h  t h a t  from t h e  t w o  FP-ST s t u d i e s  t h r o u g h  
t h e  JANAF e q u i l i b r i u m  c o n s t a n t s l l ,  a n d  a c o m p a r i s o n  be tween t h e  
combined  d a t a b a s e  f o r  r e a c t i o n s  ( 4 )  a n d  ( - 4 )  w i t h  t h e o r e t i c a l  
c a l c u l a t i o n s  h a s  b e e n  made.7 The t h e o r e t i c a l  r e s u l t ,  

kqth = 7 . 4 8  x 1 0 - 2 0  T2.70 exp(-7323 K / T )  cm3 m o l e c u l e - l  s-l ,  (18) 

a g r e e s  w i t h  e x p e r i m e n t  w i t h i n  e x p e r i m e n t a l  e r ror  o v e r  t h e  T-range,  
700-2500 K .  T h e r e  a r e  no d a t a  f o r  t h e  0 + D 2 0  r e a c t i o n .  T h e r e f o r e ,  
a t h e o r e t i c a l  e s t i m a t e  t h a t  i s  c o n s i s t e n t  w i t h  t h e  s u c c e s s f u l  
p r o t o n a t e d  c a s e ,  eq .  can  b e  u s e d  as a s t a r t i n g  p o i n t  i n  
e x p e r i m e n t  d e s i g n  a n d / o r  i n  c h e m i c a l  m o d e l i n g  e x p e r i m e n t s  f o r  t h e  
D 2 / 0 2  sys tem.  The c a l c u l a t e d  r e s u l t  f o r  700<T<2500 K i s ,  

k 4 ~ ~ ~  = 2 . 0 5  x T 2 . 5 6  exp(-8286 K/T) c m 3  m o l e c u l e - l  s-l. (19)  

These  e x p r e s s i o n s  a n d  t h e  t r a n s f o r m e d  r e v e r s e  r a t e  c o n s t a n t  v a l u e s  
a r e  l i s t e d  i n  T a b l e  I .  

H + 0 2  + M - HOp + M: FP-ST r e s u l t s  h a v e  b e e n  o b t a i n e d  f o r  t h i s  
r e a c t i o n . l O  The t h i r d - o r d e r  r a t e  c o n s t a n t  h a s  b e e n  d e t e r m i n e d  f o r  
7465T2987 K t o  be  k g = ( 7 . 1  k 1 . 9 )  x 10-33 cm6 molecule-2  s-l w i t h  A r  a s  
t h e  h e a t  b a t h  g a s . 1 °  The Baulch  e t  a l .30  recommendat ion i s ,  

kHtOz+Ar = 4 . 1  x e x p ( + 5 0 0  K/T) cm6 molecule-’ s-1. (20)  

A r e c e n t  f l o w  t u b e  s t u d y 3 l  f o r  2982T5639 K i n  H e  g i v e s ,  

kH+02+He = ( 4 . 0  f 1 . 2 )  x 10-33 exp(+560 K/T) cm6 molecule-2 s - 1 . ( 2 1 )  

S i n c e  H e  and  A r  h a v e  a b o u t  t h e  same e f f e c t i v e  c o l l i s i o n  e f f i c i e n c y ,  
t h e  FP-ST r e s u l t  c a n  b e  compared t o  b o t h  eqs. ( 2 0 )  and ( 2 1 ) .  A t  t h e  
mean t e m p e r a t u r e ,  T = 850 K, e q s .  ( 2 0 )  a n d  ( 2 1 )  g i v e  r e s p e c t i v e  
v a l u e s  of 7 . 4  x 10-33 a n d  7 . 7  x 1 0 - 3 3  t o  b e  compared t o  t h e  FP-ST 
r e s u l t  of 7 . 1  x 10-33 c m 6  molecule-2  s-l. These  r e s u l t s  combine t o  
g i v e  e x c e l l e n t  a g r e e m e n t  f o r  t h e  r e c o m b i n a t i o n  r e a c t i o n  o v e r  t h e  
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t e m p e r a t u r e  r a n g e ,  300 t o  -1000 K .  S i n c e  t h e  Hsu e t  a1.31 r e s u l t  is 
t h e  most direct  t o  d a t e ,  it i s  l i s t ed  i n  T a b l e  I .  S i m i l a r  e x p e r i m e n t s  
f o r  D + 02 + M h a v e  n o t  been  r e p o r t e d ,  b u t  e q .  ( 2 1 )  c a n  b e  used  i n  
D 2 / 0 2  model ing  c a l c u l a t i o n s  a s  a f i r s t  estimate. 

CONCLUSION 

The most i m p o r t a n t  r a t e  c o n s t a n t s  i n  t h e  b r a n c h i n g  c h a i n  o x i d a t i o n s  
o f  H2 a n d  D 2  have  now been measured by t h e  d i r e c t  f l a s h  a n d / o r  l a s e r  
p h o t o l y s i s - s h o c k  (FP- o r  LP-ST) t u b e  t e c h n i q u e .  The o n l y  e x c e p t i o n s  
a r e  t h e  0 + D 2 0  and  D + 02 + M r e a c t i o n s .  There  a r e  of c o u r s e  s e v e r a l  
o t h e r  r e a c t i o n s  o f  s e c o n d a r y  i m p o r t a n c e  t h a t  must  be i n c l u d e d  i n  
comple te  o x i d a t i o n  mechanisms, a n d  these have been  c o n s i d e r e d  i n  most 
e a r l i e r  s t u d i e s .  T h e  i m p o r t a n c e  of t h e s e  r e a c t i o n s  i n c r e a s e s  a s  t h e  
e x t e n t  o f  r e a c t i o n  i n c r e a s e s ,  a n d ,  i n  t h e  l a r g e  c o n v e r s i o n  H 2 / 0 2  
s t u d i e s  where OH-radica ls  a r e  o b s e r v e d  t h r o u g h o u t  t h e  e n t i r e  c o u r s e  
o f  t h e  r e a c t i o n ,  t h e  r e l a t i v e  e f f e c t s  of t h e s e  s e c o n d a r y  r e a c t i o n s  
are g r e a t e r  t h a n  i n  t h e  s m a l l  c o n v e r s i o n  s t u d i e s  where t h e  i n i t i a l  
s t a g e s  o f  t h e  r e a c t i o n  a r e  o n l y  m o n i t o r e d .  However, even  i n  t h e  h i g h  
c o n v e r s i o n  s t u d i e s ,  t h e  f i v e  r e a c t i o n s  c o n s i d e r e d  h e r e  a n d  t h e i r  
r e v e r s e s ,  a lways  e x h i b i t  h i g h e r  s e n s i t i v i t y  t h a n  a l l  o t h e r  r e a c t i o n s  
i n  s e n s i t i v i t y  a n a l y s i s  c a l c u l a t i o n s .  I t  c a n  t h e r e f o r e  b e  c o n c l u d e d  
w i t h  t h e s e  new d i r e c t  FP- and LP-ST d a t a  t h a t  t h e  main  f e a t u r e s  of 
t h e  o x i d a t i o n  mechanisms a r e  now s u b s t a n t i a l l y  s o l v e d .  

The e v a l u a t e d  r a t e  c o n s t a n t s  a r e  g i v e n  i n  T a b l e  I a l o n g  w i t h  comments 
r e g a r d i n g  a c c u r a c y  and  t h e  T-range  of a p p l i c a b i l i t y .  W e  recommend 
t h a t  t h e s e  r a t e  c o n s t a n t s  be  u s e d  a s  i n i t i a l  s t a r t i n g  v a l u e s  i n  
o x i d a t i o n  s t u d i e s .  T o  b e  s u r e ,  t h e  r a t e  c o n s t a n t s  are known o n l y  
w i t h i n  c e r t a i n  e r ro r  l i m i t s ,  a n d  t h e r e f o r e ,  a n y  a d j u s t m e n t s  w i t h i n  
t h e s e  error l i m i t s  a r e  c e r t a i n l y  a l l o w e d .  However, i f  a p a r t i c u l a r  
o b s e r v a t i o n  i m p l i e s  t h e  u s e  of r a t e  c o n s t a n t s  t h a t  a r e  s u b s t a n t i a l l y  
o u t s i d e  t h e  bounds s e t  by t h e s e  d i r e c t  s t u d i e s ,  t h e n  a n  i n c o n s i s t e n c y  
e x i s t s .  I n  t h i s  e v e n t ,  new e x p l a n a t i o n s  must be found,  a n d  t h i s  may 
imply  m o d i f i c a t i o n s  i n  t h e  r e a c t i o n  ra te  c o n s t a n t s  f o r  i n i t i a t i o n  
a n d / o r  p e r h a p s  i n  s e c o n d a r y  chemica l  p r o c e s s e s .  
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Protonated reactions: 

H+Oz 
OH+O 
O + H z  
O H + H  
H + H20 
OH + Hz 
0 + H20 
OH + OH 
H + 0 2 + M  

1. 15(-10)a 
8.75(-12) 
8.44(-20) 
3.78(-20) 
1.56(-15) 
3.56(-16) 
7.48(-20) 

4.0(-33)b 
7.19(-21) 

0 
0 

2.67 
2.67 
1.52 
1.52 
2.70 
2.70 
0 

-6917 
1121 

-3167 
-2226 
-9249 
-7513 
-7323 

1251 
560 

1100 - 2050K. S 7 % 9  
1100 - 2050K. +27%9*" 
297 - 2495K, k30%12 ' 

297 - 2495K, +30%11312 
250 - 2297K, 45%'1 ,25  
250 - 25813, - S 5 % 2 5  

700 - 2500K, 450%. theory7 
700 - 2500K. - S O % ,  theory7 
298 - -1000K. 430%31 

Deuterated reactions: 

D + @  1.09(-10) 0 -6937 10501T$2300K, f27%9 
OD+O 9.73(-12) 0 526 10501T$2300K, +27%9," 
O+Dz 2.43(-16)' 1.70 -491 1 3431TS2487K. f16%5 
OD+D 1.04(-16) 1.70 -3806 343STS24873, +16%5," 
D +Dz0 2.90(-10) 0 -10815 12851T$2261K, f27%20 
OD + Dz 6.56(-11) 0 -3320 12851TS2261K. f27%11,20 
O+@O 2.05(-19) 2.56 -8286 >700 K, theory7 
OD + OD 1.85(-20) 2.56 452 >700 K, theory' 

aparentheses denotes the power of ten; i. e., 1.15 x 10-10. bunits are cm6 molecule-z s-l. 
............................................................................................................ 
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Fig. 1: Schematic diagram of the apparatus. P - rotary pump. D -oil diffusion pump. 
CT - liquid nitrogen baffle. GV -gate valve. G - bourdon gauge. B - brea!er. 
DP - diaphragm. T - pressure m s d u c e n .  M -microwave power supply. 
F - atomic filter. RL - resonance lamp. A -gas  and cryswl window filter. 
PM - photomultiplier. DS -digital oscilloscope. MP - master pulse generator. 
TR - trigger pulse. DF - differentiator. AD - delayed pulse generator. LT - l a m  
mggcr. XL - cxcirncr I~SCT. 
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Fig. 2 Top: PI-atom umsmittmce as a function of time after laser photolysis in the reflected 

shock wave region. Bottom: Fint-order plot of In[ABS], against time that is obtained 
from the top record. 
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I. INTRODUCI'ION 

The radical species CH3O and CH OH are believed to play important roles as intermediates in the 
combustion of hydrocarbon fuels3.2 Recently, absorption spectra in the visible-UV have been 
observed for both species?-lo primarily using laser methods. Accurate experimental vibrational 
frequencies are known for both species, and a rotational analysis (and hence geometric structure) is 
known for CH3O. Despite this intensive study, the heats of formation of these species are still 
somewhat uncertain. 

Cruickshank and Benson" studied the iocjination reaction 

CH30H + - CHzOH + H I ,  

and obtained an endothermicity of 24.633.5 kcaVmol. Utilizing this value, Golden and Benson12 
compute AHOf, (CH2OH) = -4.2k1.5 kcaVmo1. However, Golden and Benson also cite Buckley and 
Whittle,13 who studied the corresponding bromination reaction, and inferred an endothermicity of 
~ 4 . 2  kcaVmo1. From this latter observation, one can deduce (CH2OH) < -8.3 kcal/mol. In 
order to give some weight to the bromination data, Golden and Be%mlz chose AHof (CH20H) = 
- 6 2 2 . 5  kcaVmol. The compilation of Glushko et al.14 selects AHofpr (CH2OH) = -4.a2.4 kcaVmo1 
as the middle range of several experiments, three of which are based on an incorrect ionization 
potential of CH20H (vide infra). 

For AHOr (CH3O). most recent papers cite the experiments of Batt and co-w0rkers .~5-~~ Batt and 
Milne16 determined the bond energy of CH30-NO by kinetic measurements (assuming no reverse 
activation ener ) to be 41.8 kcal/mol. Using AHofBl (CH30NO) = -16.0 kcaVmol from Silverwood 
and Thomas,@they obtained AHof (CH30) = 4.2f0.7 kcal/mol. Subsequently, Batt and 
McCullochl' obtained AHo (CH3#= 3.8fo.2 kcaUmol from the kinetics of dimethyl peroxide 
pyrolysis. Glushko, et al.,fdmsurprisingly not citing Batt and co-workers, anive at 3 . l f l  kcaVmol 
from an examination of other sources. 

At this point, it is convenient to introduce some ab initio calculations which have focused on the 
difference in stabilities of CHZOH and CH3O. Saebo et al.19 show that CH3O is 4.1 kcaVmol more 
stable than CHzOH at the Hartree-Fock level (6-31 G** basis sets). However, when electron 
correlation is included, CH20H becomes more stable. At the Mp3/6-31 G** level, and including zero 
point energies, CHzOH is 5.0 kcaVmol more stable than CH3O. At this level, the barrier to 
isomerization (CH3O - CHzOH) is found to be 36.0 kcal/mol. Later, ColwellLO obtained an almost 
identical result - CHflH more stable by 5.86 kcal/mol, and a barrier height of 37.29 kcal/mol- using 
CI (singles and doubles) with a Davidson correction and a double zeta plus polarization basis set. 
However, in the recent calculation by Curtiss et a1.21 at the G2 level (more correlation) CH2OH is 
found to be 8.8 kcdmol more stable than CH3O. Our prior analysis of experimental data would lead 
to a difference of (8.4 - 10.4) f 2 kcaVmol. A previous experimental estimate of this quantity by Batt 
et d.22 arrived at 7.5 kcal/ml. 

The adiabatic ionization potential (I.P.) of a molecular species is the difference between the heats of 
formation of that species and the corresponding cation. Hence, if the heat of formation of the desired 

Work supported by the US. Department of Energy, Office of Basic Energy Sciences. Divisim of Chemical Sciences. 
under Conmract W-31-109-ENG-38. 
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cation is well known, and its adiabatic I.P. can be obtained, it offers an alternative route to the heat of 
formation of the neutral species. It turns out that mor (CHzOH+) is rather well known from 
photoionization measurements23 of the appearance potential of CH20H+ h m  CH3OH and C2HflH. 
These measurements yield mor (CH20H+) Z 172.0 f 0.7 and S 171.7 kcal/mol, respectively. The 
adiabatic ionization potential OPCHSH has been obtained in a photoelectmn spectroscopic study by 
Dyke and co-~orkers?~  who obtained I.P. (CH20H) = 7.56 f 0.01 eV. We shall re-examine this 
result in the experiments to be described below. Combining AHOf (CH2OH+) and I.P. (CHzOH), we 
obtain &Iof, (CH2OH) S -2.3 f 0.7 kcallmol, or AHofa, (CH20fl) S -3.9 f 0.7 kcal/mol. 

In the case of CH30, the heat of formation of its cation is very much in question. Dyke= reports 7.37 
f 0.03 eV as the adiabatic I.P. of CH3O. Taking AHDf (CH3O) = 4.0 f 1 kcalhnol (vide supra), we 
infer AHof (CH3O+) = 174 kcallmol. (We i nore for the moment the distinction between AHo& and 
AHofm). By contrast, Burgers and Holme& deduced AHDf (CH30+) = 247 f 5 kcallmol from a 
somewhat complicated argument First, they showed that the "CH30+" ions previously believed to be 
produced by dissociative ionization of CH30NO and (CH3)zO were really CHzOH+, and 
consequently earlier (lower) heats of formation of CH30+ based on these measurements were invalid. 
They then prepared CH30+ by charge reversal (starting with CH30). Upon measuring the metastable 
peak from the unimolecular decomposition process 

they found that it had the same shape (Le., the same kinetic energy release) as that from CD30D+ - 
[D2COD+] - DCO + D2. Consequently, they argued that the transition state for formation of the 
DCO+ metastable was the same, whether starting from CD30+ or DzCOD+, and that this transition 
state was "at or close above the enthalpy of formation of CD@+." They measured the appearance 
potential of the metastable DCO+ peak from CD3OD (15.1 f 0.2 eV) which, together with literature 
values for AHOr (CD3OD) and AHor 0.1). leads to a heat of formation of the transition state of 247 f 5 
kcal/mol. More recently, Ferguson, et al.27 made an estimate of AHOf (CH30+) which provided some 
support for the value deduced by Burgers and Holmes. The argument is again somewhat involved, 
but they infer AHOf (CH3O+) = 245 f 6 kcal/mol. 

If AHOf (CH3O) is -4 kcal/mol, then these latter inferences regarding AHof (CH3O+) imply I.P. 
(CH30) P 10.5 eV, very different from Dyke's 7.37 f 0.03 eV. The major purpose of the current 
research was to resolve this huge discrepancy. 

II. EXPERIMENTAL ARRANGEMENT 

The experimental apparatus is a vacuum ultraviolet ( W V )  photoionization mass spectrometer. It 
consists of a VUV light source (in this case, the emission spectrum from an electric discharge in 
molecular hydrogen), a 3-m W V  monochromator, a chamber where the gas to be studied is crossed 
by the light exiting from the monochromator, some ion optics and a quadrupole mass spectrometer. 
The apparatus operates windowless, with differential pumping, and hence can be utilized to much 
higher photon energies. The W V  light is monitored by a bare photomultiplier, while the ions strike 
another bare multiplier and are pulse counted. The data consist of ion intensity (normalized to light 
intensity) as a function of wavelength, which we refer to as the photoion yield. 

Experiments of this sort for stable gases can be performed routinely. Transient species present more 
serious problems, because the number density is much smaller, and the methods of producing these 
uansient species may generate additional noise. We have prepared CH3O and CH20H by the reaction 
of F atoms with CH3OH. Several previous studies have shown that H atom abstraction occurs at both 
the C and 0 position. McCaulley et al.28 have recently studied this reaction, and review earlier results. 

A schematic drawing of the apparatus for generating transient species in situ near the region of 
photoionization has been described previously?9 In order to distinguish between CH2OH and CH30, 
we have used isotopic variants of methanol, particularly CD30H and CH30D. With CD3OH, CD3Ot 
occurs at d e  = 34, and Cl&OH+ at d e  = 33; with CH3OD. CH30+ occurs at d e  = 31, CH20D+at 
d e  = 32. 
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III. EXPERIMENTAL RESULTS 

A. The F + CD3OH reaction 

1. CD20H+, M33 

The photoion yield curve of M33, presumed to be CDflH+ (C&OH),,displays at least 3 sloping ste 
like features. They correspond in energy (approximately) to the positions of the peaks in Dyke'sE 

ionization. The half-rise of the first step occurs at 1644.3 f 3 A = 7.540 f 0.006 eV, which we take 
to be the adiabatic I.P. of CD20H. Dyke gives 7.55 f 0.01 eV for this quantity. In Dyke's spectrum 
(and also in ours), there is a weak peak (background in ours) at -7.4 eV. In order to distinguish 
between a still lower threshold and a hot band, we performed a simple quasi-diatomic Franck-Condon 
calculation, assuming harmonic behavior and a frequency (presumed to be C-0+) of 1610 cm-l, taken 
from Dyke. From the relative peak intensities, we calculate a change in bond length of 0.12 A. 
Whangbo, et al.3O have computed a conuaction of 0.13 A in the C-0 bond length between CH20H 
and CH2OH+, in excellent agreement. Alternatively, if we assign the 0-0 peak as 0 - 1 ,  we can 
calculate the intensity expected at the 0-0 position. The intensity of the weak peak at -7.4 eV is 
about a factor 5 lower than the predicted intensity and the overall t i t  for higher peaks becomes-much 
poorer. Hence, this weak feature is attributed to a hot band. 

I photoelectron spectrum of CD20H. Hence, the dominant ionization process appears to be direct 

! 

I 

2. CD3O,M34 

?e photoion yield curve of M34, presumed to be CD3O+ (CD3O), displays a broad underlying 
10.726 f 0.008 eV. We 

take this to be the adiabatic LP. of CD3O. The underlying background has about the same shape as 
CDflH+ from m H ,  but is about a factor 20 weaker. A possible source of this background may be 
the F + CDgOH reaction itself, where some CD2OD may be formed. Beyond threshold, one can 
observe sloping, steplike features with intervals of -2400 cm-l. 

B. The F + CD3OD. CH3OD and CH3OH reactions. 

Some of these experiments are still in progress; consequently, these are preliminary results. The F + 
W O D  reaction yields 0 3 0 ,  and photoionization produces CD3W with essentially the same onset as 
obtained in the F + CD3OH experiment. However, in the F + CD30D experiment CD2OD is also 
formed, and its subsequent ionization yields ion intensity at the same mass, but at lower energy. 
Hence, CD3O is identified as an increase in the photoion yield at m/c = 34, above that due to a O D + .  

An adiabatic onset for CH3O+ is not observed at the wavelength expected in the F + CH3OD and F + 
CH30H experiments. Some ionization at m/e = 31 is observed at shorter wavelength (higher photon 
energy). From zero point energy considerations?' the adiabatic LP. of CH3O should be the same as 
CD30, within about 0.001 eV. Hence, the absence of CH3W at the expected wavelength implies that 
it is unstable. In fact, HCO+ is observed in this case, in the approximate abundance expected for the 
decomposition CH3O+ - HCO+ + H2. The adiabatic I.P. of CH2OH is found to be 1641.5 f 1.3 A 
= 7.549 f 0.006 eV. 

IV. DISCUSSION OF RESULTS 

background," but an abrupt increase in ion yield occurs at 1155.9 f 0.9 A 

I A. CH2OH - CHzOH+ 

The adiabatic I.P. of CH20H obtained in this study (7.549 f 0.006 eV) is very nearly the same as that 
reported by DykeBp25 (7.56 f 0.01 eV) by photoelectron spectroscopy. Taking AHOf (CH20H+) 
6 172.0 f 0.7 kcal/mol, we deduce AHo[ (CH20H) 5 -2.1 f 0.7 kcal/mol, or AHofa, (CH2OH) 
S-3.7 f0.7 kcal/mol, which is at the upper end of the range given in the htroduChOn. 
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B. m0 - CD3W 

The LP. for CD3O obtained here (10.726 f 0.008 eV) is obviously very different from Dyke’s2S 7.37 
f 0.03 eV. Dyke’s experiment consisted of measuring the photoelectron specmm of the pyrolysis 
products from dimethyl peroxide. The spectrum is suggestive of a blurred CH20H spectrum, but 
further speculation on our part is unwarranted. If we take mor2 (CH30) = 4.0 f 1 kcdmol, then  AH"^ (CH3O) = 5.9 f 1 kcdmol, and AHOf (CH3O+) becomes%3.2 f 1 kcaVmol (251.2 f 1 at 
298 K). This latter value is within the range deduced by Burgers and Hdmes26 (247 f 5) and 
estimated by Ferguson, et aL2’ (245 f 6 kcdmol). 

C. CH3W - CD30+ 

Our failure to observe CH3O+, although CD3O+ was observed, suggests that zero point energy 
differences or tunneling could account for their relative stabilities. According to ab initio 
calculations.21.31 the ground state CHzOH+ potential energy surface is a singlet, whereas that of 
CH3W is a triplet. Ionization of CH30 will strongly favor formation of CH30+, over CH20H+, by 
Franck-Condon considerations. However, CH30+ will initially be formed more than 3 eV above the 
ground state of CH20H+, and above the thermochemical threshold for formation of HCO+ + H2 
(which also represents a singlet surface). One can expect that there will be some crossing between the 
triplet CH3O+ surface and the singlet surface. Spin-orbit interaction should permit some mixing 
between the triplet and the singlet surface, and hence the crossing will become an avoided crossing, 
resulting in a potential bamer. In its lowest vibrational state, CD3O+ appears to be stable to 
decomposition by barrier penetration (on a time scale of -10-5 sec) whereas CH3O+ is not. We look 
forward to the results of future ab initio calculations, which may clarify th is  point. 
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A TIME-DEPENDENT FLAME MODEL UTILIZING THE METHOD OF LINES 

H.D. Ladouceur and J.W. Fleming 
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ABSTRACT 

We have developed a time-dependent flame model to interpret the 
temporal evolution of various chemical species generated by laser 
photolysis of a steady-state low-pressure (10 torr) CH4/02 flame. The 
model includes the effects of diffusion, convection and elementary 
chemical kinetics. The diffusion and convection terms are represented 
by finite difference expressions in the species conservation equations 
which reduce them to a stiff system of ordinary differential equations. 
The latter system is solved as an initial value problem by Gear's 
method. The initial conditions on the model are determined by a 
photolysis mechanism which perturbs concentrations of the steady-state 
flame. The computations demonstrate the importance in low-pressure 
flames of mass transport and chemistry in the relaxation of the 
perturbed state. 

I. INTRODUCTION 

This paper describes a time-dependent flame model which utilizes 
the method of lines (MOL)'. This model was developed to correlate time- 
dependent relaxation measurements of steady-state CHJO, flames 
perturbed by laser photolysis. The conservation of various chemical 
species mass fractions (Y,) within the flame is described by a system 
of coupled nonlinear partial differential equations' (PDEs) which 
depend upon the position, x, relative to the burner surface and the 
time, t. This system of PDEs and the associated boundary conditions 
are first discretized in the spatial variable by finite-difference 
formulae. Thus, the system of PDEs is reduced to a system of coupled 
ordinary differential equations (ODEs) in time. This system of ODEs is 
readily integrated using Gears meth~d.~ 

The experiment to be modeled is the 193 nm excimer laser 
perturbation of a 10 torr CH4/02 flame, @ = 0.9. The OH and CH 
concentration profiles as well as the temperature profile throughout 
the flame have been previously reported for the steady-state flame.' 
In this paper we present the results for OH following perturbation at 
a position of 3 cm in the post-flame region. A s  a result of the 193 NO 
perturbation, the OH concentration increases in the irradiated region. 
Laser-induced fluorescence is used to monitor OH concentration as it 
decays back to the steady-state value. 

11. MODELING 

A. Steady-state flame 
We used a one-dimensional flame code', referred to as PREMIX, 

developed at Sandia for modeling premixed, laminar flames. The code 
predicts steady-state species spatial profiles from a given set of 
input variables which include: a chemical mechanism, total pressure, 
inlet gas composition, mass flux, and a vertical temperature profile. 
PREMIX uses CHEMKIN-I16 and the sandia thermodynamic data base' to 
calculate both forward and reverse chemical reaction rates as functions 
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Of pressure, composition and temperature. The mass fluxes due to 
diffusion are computed from effective binary diffusivities' for the gas 
mixture utilizing Sandia's Transport Code9 and the Lennard-Jones 
parameters for the various chemical species in the mechanism. Thermal 
diffusion (Soret effect) is neglected in the present calculations. The 
boundary conditions are that the mass flux fraction of each specie be 
specified at the origin and the spatial derivatives of each mass 
fraction go to zero downstream of the flame region. We chose the 
chemical mechanism of Miller and Bowman," deleting reactions involving 
nitrogen. The resulting chemical mechanism consists of 33 chemical 
species and 150 chemical reactions along with their rate parameters. 

The equation governing the spatial distribution of the kth species 
in a constant pressure, one-dimensional, laminar flame is 

where Yk denotes the mass fraction of the kth species ( k = 1 , 3 3 ) ,  x the 
spatial coordinate, t the time, p the mass density, Wk the molecular 
weight of the kfh s ecies, 3, the molar production rate by chemical 
reaction of the ktR species per unit volume and Vk the diffusion 
velocity of the kth species defined by 

Vk = Vk - u, 
where vk denotes the velocity of the kth species with respect to a 
stationary coordinate frame and u, the mass-averaged velocity, is given 
bY 

u(x) = c Yk(X)Vk(X). ( 3 )  
k 

In a burner-stabilized flame, the mass flux (pu) is a known constant 
and the molar production rates, &,, are dependent on the temperature, 
pressure and composition. These rates are calculated from CHEMKIN-11. 
The Sandia code solves the steady-state version of Eqn. ( 1 )  via a 
damped Newton method. If convergence difficulties are encountered, a 
time integration procedure, based upon an Euler algorithm, is 
implemented to provide a better estimate of the solution. Computations 
have been carried out on a VAX 6310 computer, where typical 
computational (CPU) time is less than 30 minutes. 

B. TDFLM: Time-dependent flame model 
The initial conditions following laser photolysis for the system of 

ODES depend upon specific assumptions about the flame and the 
perturbation laser wavelength. In the post-flame region of our 1 0  torr 
CH,/O, flame only H O  and O2 have any appreciable absorption at 193 nm. 
We observe a prompt formation of OH ground-state radicals which relax 
back to the steady-state with a lifetime of 5 ps. The increased OH, H ,  
and 0 concentrations and the decreased H20 and 0, concentrations from 
their steady-state values can then be used as the initial conditions 
for the time-dependent calculation. In the present paper we consider 
only water photolysis in calculating the initial conditions. 

The steady-state flame solutions generated from PREMIX represent 
the relaxed state of the perturbation experiments. The relaxation 
after the perturbation is measured in real time and one must have an 
accurate time-integration scheme to model the experiments. In the MOL 
algorithm the spatial derivatives on the right-hand side of Eqn. (1) 
are replaced by finite-difference expressions, reducing the PDEs to a 
system of ODES for Yk(j ,t) . Each j corresponds to a specified spatial 

I 
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position above the burner surface. Thus, Eqn. (1) becomes 

dYk/dt = Chemistry - Convection - Diffusion, ( 4 )  

where 
Chemistry = AkWk/P 

Convection = 

Diffusion = [ (Pykv,) jtl12 - (Pykv,) j.1121 / [ ~ ~ + ~ ~ 2  - xj-ll2I 
Pictorially, this method divides the one-dimensional flame into a 
number of spatial slices, as represented in Figure 1. The center of 
each slice corresponds to a particular height above the burner surface. 
The temporal evolution of the chemical species is computed within each 
slice along a line parallel to the time axis. This computation is done 
by Gear‘s method using DGEAR,3 an IMSL (International Math Science 
Library) subroutine. The complete solution of these equations requires 
appropriate boundary conditions and initial conditions. TDFLM computes 
a starting set of mole fractions at time zero by first reading the 
steady-state results from the PREMIX calculation for the corresponding 
position in the flame. The code includes a photolysis mechanism which 
can alter the concentration of one or more species. The boundary 
conditions are chosen. to correspond to the steady-state PREMIX 
calculation, i.e., mole fractions are specified upstream (at the burner 
surface), and spatial derivatives vanish downstream (at the end of the 
post flame region). 

111. DISCUSSION 

uj[Yk(j,t)- ~~(j-l,t)]/[x~ - xi.,] 

In the experiment we perturbed a position in the flame 3 cm above 
the burner surface, which has a measured OH rotational temperature of 
1770 2 60 K, using an ArF excimer laser. The laser beam was masked to 
produce a measured width of 3 mm and an intensity of 4.0 5 3.2 J/cm2. 
There is a 117 2 15% observed maximum OH concentration increase over 
the steady-state as a result of the perturbation. This corresponds to 
photolysis of 7.5% of the water at this height above the burner (based 
on the PREMIX results) . Using temperature dependent absorption 
coefficients for H,O and 02,” and an observed increase in OH of 117% 
over the steady-state, the excimer laser intensity is estimated to be 
1.2 J/cm2. This estimate i’s consistent with the experimental number. 
Photolysis of 7.5% of the steady-state water concentration to produce 
OH and H is utilized as input to the TDFLM code. Concentrations for 
the perturbed condition are converted to renormalized mass fractions 
for all chemical species by the TDFLM code. The TDFLM code then 
calculates the relaxation of the OH concentration back to the steady- 
state solution. Figure 2 shows the experimental OH decay following the 
193 nm laser perturbation (open circles). The experimental steady- 
state solution is indicated by the filled square, with + 2a 
experimental uncertainty. As can be seen in Figure 2 ,  the OH 
concentration returns to its steady-state within 15 ,us. The filled 
circles in Figure 2 are a least-squares fit of the experimental data to 
a single exponential. Error bars on the least-squares fit are a f. la 
confidence limit. Figure 3 shows the results of the TDFLM calculation. 
The axis on the left is the same as Figure 2. The right axis in Figure 
3 corresponds to the calculated OH concentration. The filled circles 
in this figure are taken from Figure 2. The dashed line in Figure 3 
results from dropping the diffusion and convection terms in Eqn. ( 4 ) .  
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This calculation predicts the OH concentration to decay to a 7alue 
which is larger than the PREMIX steady-state value. Separate numerical 
calculations demonstrate that chemistry dominates the short time 
relaxation. However, in the long time limit the purely kinetic 
calculation predicts an equilibrium concentration which is slightly 
greater than the experimentally observed value. 

The solid line in Figure 3 is calculated from Eqn. ( 4 )  where terms 
for diffusion, convection and chemistry are included in the 
calculation. The agreement between the calculated behavior and the 
experimental observation is good. T h e b i n a r y d i f f u s i o n c o e f f i c i e n t  for 
most gases at 1 atm pressure is on the order of 0 . 1  ~m~js.'~ The 
diffusion coefficient increases with tem erature (T3I2 dependence) and 
is inversely proportional to pressure.' At 1770  K and 1 0  torr, 
diffusion coefficients are on the order of 1000 cm2Js. Neglecting the 
diffusion and convection terms in the calculation is equivalent to 
assuming a homogeneous gas-phase reaction at 1770  K in a closed system. 
The relative OH concentration decreases more rapidly when mass 
transport effects are included in Eqn. ( 4 ) .  In the long time limit 
these terms contribute to a steady-state balance which lies within the 
error bars of the experiment. At this position in the post-flame, the 
OH concentration gradient is relatively small, and the net effects of 
the transport terms is less than 10%.  

Future studies will examine the effect of including the photolysis 
of 0, in the perturbation mechanism. Also, calculations to model 
perturbation in the flame zone are planned. In the flame zone, large 
concentration gradients make the transport terms more important and 
essential for modeling the observed relaxation. 
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ABSTRACT 

The flame structure of composite systems containing ammonium perchlorate with particle size 
< 50 pm and carbxy-terminated polybutadiene binder, component ratio close to stoichiometric (84% 
AP - 16% CTPB), was studied at a pressure of 8.103 Pa using the method of mass-spectrometric 
probing. The temperature and concentration profiles of 17 stable flame components were determined. 
Theoretical modelling of this flame structure was carried out by solving the differential equations 
describing a reacting multicomponent gas flow, involving heat and mass transfer as well as the kinetic 
mechanism, including 58 elementary steps and 35 components. Satisfactory agreement was achieved 
between the experimental and calculated data on concentration profiles of most of the 17 stable 
components and temperature. Rate constants of some little-studied or unstudied steps were estimated. 
The data obtained may be used to develop a model of the combustion of solid propellants based on 
ammonium perchlorate. 

INTRODUCIION 

The study of combustion mechanism at a molecular level is one of the most important problems 
of the combustion theory of condensed systems (CS). The expenmental results on flame srmcture 
give the main information about the combustion chemistry, i.e., the kinetics and mechanism of 
chemical reactions in the combustion wave. 

Earlier we have formulated and followed an approach to the study of the combustion chemistry 
of condensed systems (CS) which combines (a) experimental study of CS flame chemical srmcmre by 
mass-spectrometric probing with (b) theoretical modelling of this structure by solving equations, 
describing the reacting multicomponent gas flow, and taking account of the multistep kinetic 
mechanism.'" This approach has successfully been used to study the combustion chemistry of AP 
and RDX? which made it possible to determine the most significant elementary steps and to estimate 
the rate constants of some little-studied or unstudied steps. In Reference 5, the above approach was 
employed to study the combustion chemistry of a homogenized composite solid propellant (CSP), 
containing ammonium perchlorate (AP) and polybutadiene binder with carboxy-terminated 
polybutadiene (CTPB) in a 77% AP-23% (TPB ratio of the components (thereafter, this composition 
will be referred to as composition No. 1) at 6.104 Pa. The aim of the present paper is to extend these 
studies. The experimental results are proposed for the flame snucture of homogenized composite 
systems which are close to the stoichiometric ones. 

EXPERIMENTAL 

Experiments on flame structure were carried out at subatmospheric pressures (8,103 Pa) in a 
helium flow by methods of mass-spectrometric probing of CS flames described in References 1,2, 
and 5. The experiments consist of the following: a burning strand of solid fuel is moved toward the 
probe at a rate exceeding the burning rate, so that the probe is continuously sampling the gaseous 
species from all the zones including that adjacent to the buming surface. The sample is transported to 
the ion source of a time-of-flight mass spectrometer. Mass spectra of the sample are recorded with 
simultaneous filming of the probe and burning surface. The data allow us to identify stable 
components and to determine their concentrations and spatial distributions, i.e., the flame 
microstructure. 

(which was used in this work), a sample is transported to the ion source as a molecular flow. In the 
second type, the sample is transported to the ion source as a molecular beam! A quartz cone (exterior 
and interior angles of 20' and 4-45', respectively) with an orifice diameter of 20 pm was used as a 

Apparata of two types have been developed for studying flame structure. In the first type 
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probe; the outer tip diameter was 0.3 mm. The thermal flame structure was studied with the help of 
microthermocouples (Si02-coated platinum and platinum-rhodium wires, 0.02 mm in diameter, and 
tungsten-rhodium wires, 0.02 mm in diameter) embedded in the propellant samples. A composition of 
84% AP (particle size 4 0  pm) and 16% CTPB (composition No. 2) was used. The sample density 
was 1.5 dcm, length - 15 mm, diameter - 8 mm. Cigarette paper served as armoured protection. The 
burning rate was 0.33 m d s .  

RESULTS AND DISCUSSION 

Seventeen stable components (HC1, HzO, CO, NH3, COz, HCIO, NO, 0 2 ,  Hz, NOZ, Nz. 
C4H6, CzHz, ClOz, HClO4, Clz, HCN) have been detected using mass-spectrometric probing. 
Concentration profiles of components in the flame were determined from the experimental data. As a 
rule, the sensitivity coefficients were estimated from the results of inlet system calibration against 
individual components. In some cases the mass spectra of combustion product samples and the 
balance equations for elements were used to determine the HCN and H20 sensitivity coeffecients. 

Dots in Fig. 1 (a,b) denote the experimental results from the flame structure, i.e. the 
dependences of component concentrations and of temperature in the flame under study, plotted as 
functions of the distance to the burning surface. The data show that the products of CTBP 
decomposition (c4H6, NH3) are oxidized by those of AP dissociation and decomposition ( C l q ,  
HC104 and HC10) in the 1-mm zone of chemical reactions adjacent to the burning surface. These 
reactions result in HCI, HCN, CzH2, NO, CO, and H2. The 0 2  concentration passes through a 
maximum; that of C12 decreases monotonically. The ammonia concentration in the combustion 
products decreases almost to zero, whereas in the combustion products of the fuel-rich composition 
No. 1, the concentration of anunonia was about 3%. 

In Fig. l(a,b), the solid lines represent the results of flame structure modelling using a 
stationary solution for the complete set of Navier-Stokes equations for reacting gas? The experimental 
values of temperature and component concentrations were used as boundary conditions. In our 
calculations, we have used an abbreviated kinetic mechanism which involves 58 reversible steps and 
35 components pable  l),5 which satisfactorily described the flame structure from composition No. 1. 
This mechanism has been isolated out of a complete one (258 reversible steps, 49 components). 

Analysis of the data obtained shows that in the vicinity of the burning surface, the temperature 
gradient and the combustion zone width are especially sensitivd to variations in the reaction rate 
constants of the following reactions: 

N H z + 0 2  + HNO+OH ~ 5 1  

CO+ClO + c q + c 1  [571 

CO+C102 + COz+CIO WI 
The most important step is the branching reaction 15. This reaction was studied experimentally in  a 
number of papers, and its rate constant is most often taken from the paper by Dean.6 However, to 
reach an agreement between experiment and theory, a rate constant that is 30-times higher must be 
used. In his recent paper, Dean7 proposed another way: 

NHz+Oz --f N H 2 0 + 0  

with the rate constant close to our value. There is a satisfactory agreement between experimental and 
calculated results of the flame structure under investigation. A better agreement with experiment can be 
achieved by increasing the rate constants for reactions 41 and 58 (see the Table) by 3 and 5 times. 
Note that the preexponential factors of these reactions are about 10 times as large as those of the same 
reactions used to calculate the flame smcture of the composition No. 1 (with the equal rate constant of 
the other steps). In order to describe the experimental data on the flame structure of the different 
composition at various pressures, the mechanism presented in the Table should be improved. Having 
analyzed the data obtained, we can propose a scheme (Fig. 2) for the transformations of the main initial 
components (NH3,C4I-&5, ~ c 1 0 4 ,  C Q )  resulting from the reaction of oxidizer and fuel in the 
condensed phase in the AP-CTPB flame. This simplified scheme allows one to understand the main 
features of the chemical processes in the flame under consideration. 
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Table 1. Rate coefficients in form kr = ATbexp(-E/RT), Ref. 5. Units are mol, cm3, sec, K and 
cal/mol. 

No. Reaction A b E 

1. 
2 
3 
4 
5 .  
6.  
7. 
8. 
9 .  
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 

HC104 -+ c103 +OH 
HC104 + HNO -+ C103 + NO + Hz0 
HC104 + HCO -+ c103 + CO +H20 
HC104 + HCO -+ Cl02 + C02 + H20 

ClOs -+ Clo+O2 
C l + O z + M  -+ CQ+M 

C10+ NO -+ C1+ NO1 
ClOH + C10 -+ C1z + H02 
CIOH+OH -+ ClO+H20 

HCI+OH -+ CI+HzO 
C12 + H -+ HCI+CI 

NH3+ClO -+ NHz+CIOH 
NH3+C1 -+ NHz+HCI 

NH3+OH -+ NH2+H20 
N H 2 + 0 2  -+ HNO+OH 

NHz+NO -+ N2+H20 
N H z + N O  -+ NzH+OH 
NzH+NO -+ HNO+Nz 
HNO+OH -+ NO+HzO 
HNO+& + NOz+OH 
H N O + H  -+ H2+NO 

N O + H + M  -+ HNO+M 
N2 + HOz -+ HNO + NO 
N O + H 0 2  -+ NOz+OH 
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1 .OOE+ 1 1 
3.00E+13 
5.00E+13 
1.50E+12 
1.70E+12 
6.00E+11 
6.80E+ 12 
1 .OOE+ 14 
1.80E+13 
5.00E+11 
8.40E+13 
4.24E+11 
4.50E+11 
1 .OOE+ 1 1 
6.00E+9 
2.40E+11 
6.00E+11 
5.00E+13 
3.60E+13 
1.00E+13 
1.00E+12 
3.20E+15 
8.00E+10 
3.00E+12 

0.0 
0.0 
0.0 
0.0 
0.5 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.5 
0.5 
0.68 
0.5 
0.0 
0.0 
0.0 
0.0 
0.0 
0.5 
0.0 
0.5 
0.5 

39100 
6000 

0 
0 
0 

11200 
311 

10000 
0 

750 
1150 
6400 

100 
1100 

0 
0 
0 
0 
0 

10000 
900 

-600 
41800 

1800 



25. 
26. 
27. 
28. 
29. 
30. 
31. 
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Introduction 

The combustion of boron containing fuels is of importance in propulsion systems because of 

2B(g) -k 3 /20 ,  + %%k) 
the potential large release of energy in going from boron to E$03. The reaction scheme 

is exothermic by 467 kcal/mole. The potential energy release from boron containing fuels is 
considerably greater than from liquid hydrocarbon fuels and from solid fuels containing metallic 
aluminum. This has resulted in increased attention to fuels composed of liquid hydrocarbons with 
boron particles suspended in a slurry. Calculations have shown this type of fuel to be an attractive 
candidate for air breathing propulsion systems which are volume limited. 

water, carbon dioxide, and liquid %O3. The combustion of boron containing fuels is a complex 
process involving both heterogeneous and homogeneous chemistry. First, the boron particles must 
be volatilized in heterogeneous processes to form gaseous boron containing species. These gas 
phase species then undergo homogeneous gas phase. oxidation to form a mixture of boron oxide and 
boron oxyhydride species. The final step involves the condensation of the cooling product gases to 
form liquid %Os. There are two major limitations to extracting the desired performance of these 
fuels which have been encountered. One is that boron fuel particles are coated with E$O,. This 
limits the initial vaporization of boron particles since E$03 is difficult to remove either by 
vaporization or chemical reaction. The second problem is that the condensstion of the final 
combustion products to liquid %03 may be slow, especially if boron oxyhydrides are formed as 
relatively long-lived intermediate species. For maximum efficiency of the combustion of boron 
containing fuels to be achieved, both the oxidation of the boron particles and the condensation to 
liquid boria must occur in the short residence time available in the system, typically less than 104 s. 

Much attention has been focussed on these problems over the past several years. In this 
article, the homogeneous gas phase oxidation of boron, boron oxides, and boron oxyhydrides is 
discussed. In particular, the role of boron oxyhydrides as metastable species which contribute to the 
reduction of the overall combustion rate is explored. Efforts to understand this aspect of boron 
combustion have been hampered by the lack of basic thermodynamic and kinetic data on boron 
containing species. Modeling studies have been undertaken treating the gas phase oxidation 
step(l,2). This has helped to define some of the important species and reactions which require 
further study. Experimental and theoretical studies have focussed on the basic thermodynamics(3-5) 
and gas phase kinetics(6-10) of some of these systems. Using the results of these studies, the earlier 
model of homogeneous boron assisted combustion has been modified. The impact on the overall 
rate of combustion of these recent thermodynamic and kinetic measurements is discussed in this 
article. Several additional key reactions which may also have a significant impact on the model 
have been identified. 

The calculated advantage of these fuels is based on the assumption of complete combustion to 
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The model used for this study is based on CHEhIKIN gas-phase subroutines(l1) and the 
SENKIN program(l2) for predicting gas-phase kinetics with sensitivity analysis developed at Sandia. 
The modeling calculations predict the time dependence of a homogeneous gas-phase reacting 
mixture, based on a set of reversible or irreversible chemical reactions. As input, the code requires 
thermodynamic data in the form of polynomial fits to the heat capacities for all the species included 
in the mechanism. It also requires a list of all relevant chemical reactions, their rates, and initial 
species concentrations. The output of the calculation is processed using SENKPLOT graphics 
developed by D. Burgess of NIST.(13) 

Species 

The boron-containing species used in this model include B, BO, BO,, HBO, %O,(O=B- 
B=O), €+03(O=B-O-B=O), and HBO,(H-0-B=O). BH, BH,, and BOH were also included in 
some cases. It is assumed that in order to obtain conditions where the %03 coating on the boron 
particles is volatilized (T> 1800K), the hydrocarbon fuel is already oxidized. As a result, the 
HIOIC species used in this model include only H2, H, 0,, 0, OH, H,O, H202, HO,, CO, CO,, 
and HCO. N, is included as a buffer gas, with total pressure of 1 atm. 

Thermodynamics 

The thermodynamic data base from Sandia(l1) is augmented to include the boron 
compounds(l4). Recently, Page(3) determined the heat of formation of HBO to be -60 kcal/mole 
using ab initio MCSCF with multireference CI techniques. This value of the heat of formation 
means that HBO is considerably more stable than was previously thought. The most recent JANAF 
recommended value for the heat of formation was -47.4k3.0 kcalImole(l5). This difference has an 
impact on the overall boron combustion since HBO becomes a potential metastable species which 
could act as a bottleneck, preventing rapid combustion to &03 which is necessary for efficient 
energy release on the required timescale. The thermodynamic data base has been modified to 
include the polynomial fit to the thermodynamic properties as determined using statistical mechanics 
from the geometries, vibrational frequencies and heats of formation calculated by Page for HBO(3). 
In addition, BOH has been added to the thermodynamic data base, with the values determined in a 
similar manner.(5) 

Kinetic Mechanism 

A schematic diagram of the gas phase boron combustion pathways is shown below, which 
includes only the major species and the pathways which make the largest contributions to their 
production rates. 

cop o1 
BO b 

I 
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For our detailed kinetic mechanism, several modifications to the mechanism of Yetter, et al.(l) have 
been considered. All the elementary reactions included in the different mechanisms are listed in 
Table 1. The rates are tabulated in the form k(cm3mol~'s~')=AT"exp(-Ea/RT). Many of the rate 
constants for reactions of the boron containing species are taken from reference 1. Most of these 
values are estimated, since only a few detailed experimental or theoretical values are available. The 
list of elementary reactions for the hydrogen, oxygen, and carbon species is from Yetter, Dryer, and 
Rabitz(l6) with rates updated to reflect the more recent recommended values of Tsang and 
Hampson( 17). 

which were previously considered to be endothermic. In particular, the reactions of 
BO+H,-.HBO+H and BO+OH+HBO+O are now calculated to be exothermic. The rate of 
BO+H, reaction has been measured in our laboratory and the rate of BO+OH has been calculated 
from transition state theory. The reaction of B,02+H-.BO+HB0 is also calculated to be 
exothermic. 

Davidovits(l8,19). Oldenborg and Baughcum(20) have measured the rate of the B+O, reaction at 
higher temperatures. Recently, in our laboratory, rates of the reactions of BO with H,(6) and Oz(7) 
have been measured at temperatures up to 1000K. Transition state theory has also been used to 
characterize the reactions of BO+H,(3,6) and B0+Oz(7). These experimental rates are included in 
Table 1. We have also used &sition state theory to characterize the reaction of BO+OH. 

%O,+H=BO+HBO is determined by comparison to other B,O, reactions as estimated by Yetter, 
et al.(l) Several additional B and BO, reactions have been added, primarily to include boron 
hydrides in the kinetics. The rates are determined by analogy to similar reactions listed in reference 
1. Reactions of BH have also been included in some of the test mechanisms. The rates of BH with 
0, and H,O have been measured in our laboratory at temperatures up to 750K.(8) The rate of BH 
with CO, has only been measured at room temperature.(9) We assumed the same activation energy 
for 0, and CO, reactions. The remainder of the BH reaction rates were estimated. BH, is not 
expected to play a major role in boron combustion; we have included a rate for the hydrogen 
abstraction from BH, by BO in the model which is similar in magnitude to other BO hydrogen 
abstraction rates. 

BOH. Although this radical is not as stable as HBO, it may have a role in the combustion of boron. 
Rates were determined by comparison to similar reactions involving HBO and BO. 

HBO reactions with 0, and H,O to form HBO, have been added. Several different rates for 
these reactions have been investigated in alternative mechanisms. The rates of these reactions listed 
in Table 1 are taken to be the same as Yetter, et al.(l) include for HBO+OH=HBO,+H. 
However, the reactions of HBO with 0, and H,O involve more rearrangement than the substitution 
reaction of HBO+OH=HBO,+H. Consequently, the rates may be slower. 

Additional reactions of BO, abstracting hydrogen from HBO and HCO have also been 
included with rates analogous to the B%+OH and BO,+H, reactions which were included by 
Yetter, et al.(l) A competing reaction for BO,+HBO=B,O,+H was also included. 

added to the mechanism. The reaction with BO can proceed by substitution and its rate is 
determined by analogy to other similar substitution reactions included in the mechanism. The 
reaction with HBO is a four Center reaction and might be expected to be slower. 

with rates of 6x10" cm3mol-'s-'. Their actual rates may be slower since these reactions would 
involve considerable rearrangement of an intermediate. 

The change in the heat of formation of HBO results in several exothermic reaction pathways 

Reactions of B with oxidants have been measured at room temperature by DiGiuseppe and 

The remainder of the rate constants are estimated. The rate of reaction of 

, 

Reactions have also been added to the mechanism to include the formation and reaction of 

Additional HBO, removal pathways by reaction with BO and HBO to form B,O, have been 

Several additional oxidation pathways for B,O, -. %O, have been added to the mechanism 
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Results 

Several different initial conditions have been considered in order to probe the effects of the 
different mechanisms and the importance of various reactions on the overall rate of boron 
combustion. The set of initial conditions listed in reference 2 which were derived from equilibrium 
calculations on a fuel rich mixture of JP4 and B(s) in air has been used. In addition, initial 
conditions which test the effects of all the boron being in either the form of HBO or BO have been 
investigated. The effects of assuming either complete hydrocarbon oxidation with H,O and CO, as 
the hydrogen and carbon species or incomplete combustion with CO and H, as initial species have 
also been investigated. 

In addition to the different initial conditions, several modifications to the mechanism which 
reflect the additional reactions discussed in the previous section have been studied. The first 
modification to the model used by Yetter, et al.(l) included the more recent thermodynamic values 
for HBO and the measured rates of reaction for BO+H, and B0+02.  The result of these changes 
is to slow the overall rate of boron combustion, although the final ratio of the concentrations of the 
boron containing species remains similar. In addition, HBO is shown to be a potential bottleneck in 
the overall combustion, as can be seen in figure la. 

This model can be modified by the inclusion of additional HBO removal processes. Adding 
the reactions of HBO with 0 and H,O increases the rate of boron combustion significantly. If the 
rates are on the order of 10"cm3mol~'s-', HBO is no longer a metastable species slowing the boron 
combustion, but instead rapidly converts to HBO,, as shown in figure lb. An analysis of the rate of 
production of HBO and sensitivity analysis of the combustion process show that these reactions are 
important and may in fact be controlling, especially HBO+0,=HB02+0. 

few effective pathways to formation of BH under these conditions. Adding reactions involving BOH 
has no major effect on the overall rate of combustion, although it does play a significant role in the 
depletion mechanism for BO. BOH is expected to be rapidly oxidized to HBO> 

Conclusions 

Adding BH reactions has little effect on the overall boron combustion rate since there are 

I 

I 

The model for boron combustion has been updated to include recent experimental 
measurements and theoretical calculations of basic thermodynamic and kinetic data. An examination 
of the effects of these changes on the overall combustion rate, the production rates of the individual 
species, and sensitivity analysis has shown that there remain several key reactions which are in need 
of further study. In particular, reactions of HBO appear to be critical to the overall combustion 
scheme. 
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Figure 1. Species profiles as a function of time for an adiabatic, constant pressure (latm) 
system. The initial species mole fractions, derived from the equilibrium gas phase 
calculations of reference 2, are as follows: X(HB0) =9x1m3, X R O J  =2.8~10-~,  
X(B203)=5x104, X(HB0J =3x104, X(OJ=4.4~10-~, X(CO)=O. 18, X(H2)=0.20, 
X(H)=lxlO", X(H20)=lx10", and X(NJ=0.56, with an initial temperature of 
1800K. a) The mechanism includes the more recent thermodynamic value for the 
heat of formation of HBO and the measured rates of reaction for BO+H2 and 
B0+02,  as described in the text. b) Additional HBO removal processes are added 
to the mechanism. 
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Abstract 

An analytical study on the oxidation of NO in homogeneous gas phase reactions is presented. Although NO is 
readily oxidized to NO, at room temperatures, the conversion rate falls with increasing temperature. However, 
aliphatic alcohols and hydrocarbons generate HO, which appears to oxidre NO at higher temperatures. In a 
medium containing oxygen and aliphatic alcohols or hydrocarbons, NO oxidizes to NO, even at 1000 K but NO, 
returns to NO after these compounds are consumed. Various aliphatic compounds (ethane, butane, methanol, 
and ethanoo will be considered in this discussion. These chemicals may be useful in the treatment of emissions 
from stationary combustion systems for removal of NO,. 

lntroductlon 

Nitrogen oxides (NO,) pose serious environmental concerns due to their role in smog and acid rain formation.(l) 
These oxides are natural products of combustion, where high temperatures lead to their formation through 
reactions between dissociated nitrogen and oxygen (thermal NO,) or through oxidation of nitrogenous compounds 
created during the combustion process (prompt NOX).(2.3) 

The extent of NO, formation depends on the initial fuellair mixture ratio, with greater amounts of NO. generated 
with fuel-lean and stoichiometric mixtures. Thus, to control NO, formation during combustion, one might be 
tempted to bum a fuel-rich mixture. However, this leads to excessive production of unburned hydrocarbons and 
carbon monoxide, which also pose severe environmental problems. All of these pollutants can be controlled 
through careful combustor design (4), but the resultant configuration may have other undesirable characteristics. 

Post-combustion treatment of the exhaust to remove NO, provides an alternative means of reducing the pollution 
problem. One method introduces various nitrogenous compounds (5-9) into the exhaust stream to react with the 
NO,, reducing its concentration. However, this technique is limited to a narrow range of temperatures.(lO) 

Another postcombustion process removes the NO, by scrubbing with water. Unfortunately, the poor solubility of 
most nitrogen oxides precludes direct application of this technique. NO, is typically comprised of three species: 
NO, NO,, and N,O; and, aithough nitrogen dioxide (NO,) is fairly soluble in water, nitrogen oxide (NO) 
predominates due to the high temperatures associated with combustion. To make the scrubbing technique 
feasible, the NO needs to be converted to N0,.(1) 

Lyon, et al, improved NO to NO2 gas phase oxidation through treatment with methanol.(ll) The present study 
expands on this theme by examining NO oxidation in the presence of methanol, ethanol, ethane, and butane. 

Physlcal/Computatlonai Models and Kinetics Mechanisms 

Nitrogen oxides are indirect products of combustion, with the extent of formation dependent on temperature and 
residence time in the combustor. Although combustion is typically complete within a millisecond, NOx in afuel-lean 
mixture grows steadily with time as long as the temperature remains high. However, although equilibrium levels 
of nitrogen oxides are very high (Fig. l), NO, concentrations rarely reach these levels in conventional combustion 
processes. Thus, while the exhaust stream composition may approach equilibrium in general, the NO, 
concentration will not. 

3 
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The ability of hydrocarbons and alcohols to oxidize NO, in an exhaust stream that, apart from the NO,, is at 
equilibrium will be examined using the LSENS program of Bmker and Radhakrishnan.(l2) In particular, the code's 
plug flow reaction model is used to compute concentrations at various times during the Combustion process. 

The starting point for these calculations will be the fuel-lean mixture described in Table 1. As shown in the table, 
all of the NO, is in the form of NO. This follows from the argument that, in the absence of hydrocarbon fragments, 
any NO, present would be converted to NO at the high temperatures being considered. 

The kinetics mechanism for the calculations (shown in Appendix A) is essentially identical to that of Miller and 
Bowman (13), with a few species deleted to fit the constraints of the LSENS program. Additional reactions 
involving methanol, ethanol, and butane are taken from Westbrook and Dlyer.(14) Finally, thermodynamic data 
has been obtained from 8. J. McBride (Lewis Research Center) and the Sandia National Laboratory.(l5) 

Oxldatlon of NO In the Presence of Methanol 

The fractional conversion of NO to NO, at various temperatures is shown in Fig. 2. As Seen in the observations 
of Lyon. et al, the oxidation of NO occurs more quickly at higher temperatures.(ll) 

Hori (16) obsewed the formation of NO, in fuel-rich combustion and suggested that NO was oxidized by HO,, 
while a similar result was reported by Sano (17) in a calculation of a hot gas mixing with cold air. The HO, is 
predominately formed from methyl alcohol and the CH,OH radical, both products of methanol decomposition.(l 1) 
To test these findings, the reaction: 

HO, + NO - NO, i OH 

was deleted from the model, and the NO, concentration was recalculated. The initial mixture composition was 
retained, and the initial temperature was set at 11 00 K This temperature was chosen because it had been found 
previously to result in the rapid formation of NO,. Wlh the above reaction removed, however, the formation of NO, 
was now negligible; but, when the forward reaction was restored but not the reverse reaction, significant NO, 
formation again took place. Hence, NO oxidation is dependent on: 1) the formation of HO,, and 2) the reaction 
between HO, and NO. 

Once all of the alcohol is consumed, NO, reverts to NO. This follows from the reactions involved in the chemical 
reduction of NO,: 

NO, + M - NO + 0 

NO, + H L NO + OH 

NO, + 0 - NO + 0, 

NO, + OH 9 HO, + NO 

By valying the rates for the above reactions, it was found that all but the first reaction can reduce the NO, 
concentration. When methanol is consumed, these reactions act to lower the NO, Concentration. The activity of 
the reactions also explains why NO, concentration is lower at higher temperatures. 

To determine if the concentration of methanol has any effect on NO oxidation, the oxidation process was 
examined at different concentrations of CH,OH using 1100 K as the reaction temperature. It appears that, in the 
presence of large amounts of methanol, the speed of the oxidation process increases. Heat is released in such 
cases, and it has already been noted that NO oxidation occurs more quickly at higher temperatures. However, 
if the amount of excess methanol is small, the rate of oxidation is not affected. Understandably, since their work 
did not consider mixtures with large amounts of methanol, Lyon, et al, reported only this latter finding.(lI) 

The effect of oxygen on NO oxidation in the presence of methanol was also studied. lt was determined that 
increases in 0, concentration do not affect the rate. 

Oxldatlon of NO In the Presence of Ethanol 

Since ethanol and methanol are very similar chemically, it can be expected that ethanol will byhave similarly in 
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the oxidation of NO. Unfortunately, there is no experimental data available; therefore, the choice of the kinetic 
model Is very important to insure the accuracy of the analysis. The mechanism of Westbrook and Dryer was 
chosen, as it was found to have rate parameters that were very similar to those of the methanol mechanism. 

The calculations made with this mechanism showed that ethanol oxidbes NO to NO, in a manner identical to 
methanol. The variations in NO, concentration with time and temperature are shown in Fig. 3. As expected, NO, 
formation initially rises with increasing temperature and then falls as the ethanol is consumed. 

Oxldatlon 01 NO In the Presence of Ethane and Butane 

Lnle experimental data is available on the oxidation of NO in the presence of hydrocarbons. Hori (1 6) found that, 
as with methanol and ethanol, hydrocarbon reactions also generate HO,, while Mane and Kramlich (1 8) also saw 
evidence of NO, formation. In a similar situation, Jasma and Boreman (19) showed that small amounts of H, and 
CO led to NO to NO, conversion, while the first author (20) has demonstrated the use of methane and hydrogen 
to also promote NO oxidation. Thus, the presence of ethane and butane might boost NO Oxidation. 

Figs. 4 and 5 show the calculated NO, concentration at varying temperatures in the presence of ethane and 
buane, respectively. As with methanol, the major species invoked in the oxidation of NO is HO,. This was proved 
using a method similar to that followed in the case of methanol. In fact, it was found that ethane and methanol 
behave almost identically in the oxidation of NO. When a large amount of ethane is present, there is some 
reduction of the total NO,. and the reduction increases at higher temperatures. This reduction is due to reactions 
involving hydrocarbon fragments. 

The effect of adding large amounts of oxygen was also studied. As the oxygen concentration varied from 4% to 
12?4, NO, formation changed by only 10%. 

Concluslone 

Computer modeling has been used to study the formation of NO in the presence of methanol, ethanol, butane, 
and ethane. It appears that NO, is formed through oxidation of NO by HO, which is generated by these additives. 
The oxidation process is temperature dependent, with higher conversion rates at higher temperatures. However, 
at all temperatures, the NO, begins to revert to NO, once the additives are consumed; but, as long as the 
additives are present, the oxidation rate is only slightly dependent on the actual addnive concentration. Although 
the presence of oxygen is necessary for the formation of NO,, excess oxygen does not affect the NO, conversion. 
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Table 1. Initial Mixture Composition. 

N2 

I Species I Mole Fraction 11 SDecies I Mole Fraction I 

0.8414 I 

Figure 1. Equlllbrlum NO and NO, Concentrations (l = 800 K, p = 1 atm). 
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Figure 2. NO Converslon in the Presence of Methanol. 
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Figure 3. NO Conversion in the Presence of Ethanol. 
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i’ 

CH4 + O2 - CH3 H02 

CH4 + H - CH3 + H2 

CH4 + OH - CH3 + H20 

CH4 + 0 - CH3 + OH 

CH4 + H02 - CH3 + H202 

CH3 + H02 - CH30 + OH 

CH3 + O2 - CH30 + 0 

CH3 + 0 - cn20 + H 

CH20H + H - CH3 + OH 

M CH20H - CH20 + H 

CH20H + H - CH20 + H2 

CH20H + OH - CH20 + H20 

CH20H + 0 - CH20 + OH 

CH20H + O2 - CH20 + H02 

M + CH30H - CH3 t OH 

H + CH30H - tH3  + HzO 

H CH30H - CH20H + H2 

OH + CH30H * CH20H + H20 

CH30 + H - CH3 + OH 

CH30H + O2 - CH20H + H02 

CH30H + 0 * CH20H + OH 

CH30H t CH3 * CH20H + CH4 

Appendix A. Klnetlcs Mechanlsm.(l3) 

L; I A ,B , - cm 

REACTlON A 8 

M + 2CH3 ., C2H6 + n 9 . 0 3 ~ 1 0 ~ ~  -1.2 

CH3 + H - CH,, + n 6 . 0 0 ~ 1 0 ~ ~  -1.0 

7.Wx101’ 0.0 

CO 2.0, H2 2.0,  C02 3 . 0 ,  H20 5.0 

CO 2.0, H2 2.0,  C02 3.0, H20 5.0 

2.20x1OO4 3.0 

1.60x1006 2.1 

1.02x1009 1.5 

1.80XlOll 0.0 

2 . 0 0 ~ 1 0 ~ ~  0.0 

8 . 0 0 ~ 1 0 ~ ~  0.0 

1.0ox10~~ 0.0 

1 . 0 0 ~ 1 0 ~ ~  0.0 

2 . 0 0 ~ 1 0 ~ ~  0.0 

1 . 0 0 ~ 1 0 ~ ~  0.0 

1 . 0 0 ~ 1 0 ~ ~  0.0 

2 . 0 5 ~ 1 0 ~ ~  -1.6 

1 . 4 8 ~ 1 0 ~ ~  0.0 

3 . 0 2 ~ 1 0 ~ ~  0.0 

3 . 0 2 ~ 1 0 ~ ~  0.0 

3 .98~10 ’~  0.0 

3.98~10~’ 0.0 

1 . 7 0 ~ 1 0 ~ ~  0.0 

2.0OxlO12 0.0 

1.OOX101~ 0.0 

1.82x1011 0.0 

CH30H + H02 - CH20H + H,02 6 . 3 1 ~ 1 0 ~ ~  0.0 

7 . 5 0 ~ 1 0 ~  2’o CH3 + OH 

CH3 + H - CH2 + H2 

W + CH30 4 CH20 + H 

CH2 + H20 

cn30 + H - CH20 + H2 

CH,O + OH - CH20 + H20 

CH30 + 0 - CH20 + OH 

CH30 + O2 * CH20 + H02 

CH2 + H 

CH2 + OH - CH + H20 

CH2 + OH - CH20 + H 

CH + O2 - HCO + 0 

CH + H2 

CH + 0 -  CO + H 

CH + OH - HCO + H 

CH Cor + HCO + CO 

CH + H - C + H2 

CH + H20 4 CH20 + H 

CH + CH2W CH2CO* H 

9 . 0 0 ~ 1 0 ~ ~  0.0 

l.OOX101~ 0.0 

2 . 0 0 ~ 1 0 ~ ~  0.0 

1 . 0 0 ~ 1 0 ~ ~  0.0 

1.00x1013 0.0 

6 . 3 0 ~ 1 0 ~ ~  0.0 

1 . 0 0 ~ 1 0 ~ ~  -1.56 

1 . 1 3 ~ 1 0 ~ ~  2.0 

2.50~10’~ 0.0 

3 . 3 0 ~ 1 0 ~ ~  0.0 

5 . 7 0 ~ 1 0 ~ ~  0.0 

3 . 0 0 ~ 1 0 ~ ~  0.0 

3 . 4 0 ~ 1 0 ~ ~  0.0 

1 . 1 7 ~ 1 0 ~ ~  -0.75 

1.50r1014 0.0 

9.46x1~13 0.0 

C 

654.0 

0.0 

56000.0 

8750.0 

2460.0 

W . 0  

18700.0 

0.0 

29229.0 

0.0 

0.0 

25000.0 

0.0 

0.0 

0.0 

1500.0 

80000.0 

5300.0 

7000.0 

2000.0 

0.0 

50910.0 

2290.0 

9800.0 

1936n.o 

5000.0 
15100.0 

25000.0 

0.0 

0.0 

0.0 

2 6 0 0 . 0  

0.0 

3000.0 
0.0 

0.0 

0.0 

0.0 

690.0 

0.0 

0.0 

-515.0 
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REACTION 

CH + CH2 I C2H2 + H 

CH + CH3 - C2H3 + H 

CH + CH4 - C2H4 + H 

c + 02. m i  0 

C +  O H -  W +  H 

C + CH3 - C2H2 + H 

C + CH2 - C2H + H 

CH2 C02 - CH20 + CO 

CH2 + 0 - 2H + CO 

CH2 + 0 - CO + H2 

CH2 + O2 - 2H + C02 

CH2 + o2 - CH20 + 0 

CH2 + Or - CO H20 

CH2 + O2 - C02 + H2 

CH2 + O2 - HCO + OH 

CH20 + OH - HCO + H20 

CH20 H - HCO + H2 

M + CHZO - HCO + H 

CH20 + 0 - HCO + OH 

HW i OH - H20 + CO 

M + HCO - H + CO 

A B 

4 . 0 0 ~ 1 0 ~ ~  0.0 

3 . 0 0 ~ 1 0 ~ ~  0.0 

6 . 0 0 ~ 1 0 ~ ~  0.0 

5 . 0 0 ~ 1 0 ~ ~  0.0 

5 . 0 0 ~ 1 0 ~ ~  0.0 

5 . 0 0 ~ 1 0 ~ ~  0.0 

2 . 0 0 ~ 1 0 ~ ~  0.0 

1.1OX101~ 0.0 

5 . 0 0 ~ 1 0 ~ ~  0.0 

3 . 0 0 ~ 1 0 ~ ~  0.0 

1 . 6 0 ~ 1 0 ~ ~  0.0 

5 . 0 0 ~ 1 0 ~ ~  0.0 

6 . 9 0 ~ 1 0 ~ ~  0.0 

4 . 3 0 ~ 1 0 ~ ~  0.0 

3 . 4 3 ~ 1 0 ~ ~  1.1s 

2 . 1 9 ~ 1 0 ~  1.D 

3 . 3 1 ~ 1 0 ~ ~  0.0 

l.WX1010 0.0 

1 . 8 0 ~ 1 0 ~ ~  0 . 0  

1.OOxl01~ 0.0 

2.50~10’~ 0.0 

HCO + H - CO + H2 

HW + 0 - CO + OH 

HCO + 0 - C02 + H 

HW + O2 - H02 + W 

co 0 - co* + M 

w .  o2 - C02 + 0 

CO OH - C02 + H 

H02 + W * C02 + OH 

C2H6 + CH3 - C H CH 

C2H6 + O2 - C2H5 + H02 

C2H6 + H - C2H5 + H2 

C2H6 + 0 - C2H5 + OH 

C2H6 t OH - C2H5 + H20 

C2H4 + H - C2H3 + H2 

C2H4 + 0 - CH3 

C2H4 + OH - C2H3 + H20 

CH2 + CH3 - C2H4 + H 

M + C2H5 - C2H4 + H 

C2H5 + H - 2CH3 

C2HS + O2 - C2H4 + H02 

C2H2 t 0 - CH2 + W 

C2H2 + 0 - HCCO + H 

2 5  4 

+ HCO 

CO 1.9, H2 1.9. CH4 2.8, C02 3.0,  H 0 5.0 

1.19x1O1’ 0.25 

3 . 0 0 ~ 1 0 ~ ~  0.0 

3 . 0 0 ~ 1 0 ~ ~  0.0 

3 . 0 0 ~ 1 0 ~ ~  0.0 

6 . 1 7 ~ 1 0 ~ ~  0.0 

1 . 5 1 ~ 1 0 ~ ~  1.3 

5 . 8 0 ~ 1 0 ~ ~  0.0 

1 . 6 0 ~ 1 0 ~ ~  0.0 

5.5ox10-01 4.0 

1 . 0 0 ~ 1 0 ~ ~  0.0 

5.4OXlO02 3.5 

2 . 5 1 ~ 1 0 ~ ~  0.0 

8 . 7 0 ~ 1 0 ~  1.05 

3 . 3 2 ~ 1 0 ~ ~  0.0 

3 . 0 0 ~ 1 0 ~ ~  0.0 

1.1OX101~ 0.0 

2 . 0 2 ~ 1 0 ~ ~  0.0 

2 . 0 0 ~ 1 0 ~ ~  0.0 

1 . 0 0 ~ 1 0 ~ ~  0.0 

1 . 0 2 ~ 1 0 ~ ~  2.0 

1 . 0 2 ~ 1 0 ~ ~  2.0 

8.43~10~‘ 0.0 

C 

0.0 
0.0 
0.0 
0.0 

0.0 

0 . 0  

0 . 0  

1000.0 

0.0 

0.0 

1000.0 

9000.0 

-1000.0 

500.0 

-500.0 

-447.0 

3000.0 

81000.0 

3080.0 

0.0 

16802.0 

0.0 
0.0 

0.0 
0.0 

3000.0 

-758.0 

41 000.0 

22934.0 

8300.0 

51000.0 

5210.0 

6360. 0 

1810.0 

8500.0 

1130.0 

5955.0 

0.0 

30000.0 I 

0.0 

3875.0 

1900.0 

1900.0 



C2H3 + H * C2H2 + H2 

C2H3 + 0 - CH2CO+ H 

C2H3 + O2 * C2H2 + H02 

c2n3 + 02. cn20 + HCO 

C2H3 + OH - C2H2 + H20 

C2H3 + CH2 - C2H2 + CH3 

C2H3 + C2H - 2C2H2 

C2H3 + CH - CH2 + C2H2 

OH + C2H2 - C2H + H20 

OH + C2H2 - CHZCO+ H 

OH + C2H2 - CH3 + co 
C2H2 + 0 - C2H + OH 

CH2C0 + 0 - C02 + CH2 

CH2C0 t H - CH3 + CO 

CH2C0 + H - HCCO + H2 

CH2C0 t 0 - HCCO + OH 

CH2C0 + OH - HCCO + H20 

W + CH2C0 * CHZ + CO 

C2H + O2 - 2CO + H 

H + HCCO - CH2 + CO 

0 + HCCO - 2CO t H 

HCCO + o2 - 2.0co + OH 

2HCCO .. 2CO + C2H2 

CH + HCCO - C2H2 + CO 

C2H + 0 - CH + CO 

C2H + OH 4 HCCO + H 

2CH2 + C2H2 i H2 

CH2 + HCCO 

c3n3 + 4 - cnZco + HCO 

C2H3 + co 

C3H3 + 0 - CH 0 + C2H 

C2H2 + O2 - HCCO + OH 

M + C2H2 - C2H + H 

M + C2H4 - C2H2 + H2 

M + C2H4 - C2H3 + H 

H2 + O2 * 20H 

OH + H2 - H20 + H 

0 + OH - O2 i H 

0 + H2 + OH + H 

H + O2 - H02 + M 

REACTION A 8 

C2H2 + O2 - 2HCO 3 . 9 8 ~ 1 0 ~ ~  0.0 

H + C2H2 - C2H3 + M 5 . 5 4 ~ 1 0 ~ ~  0.0 

4 . 0 0 ~ 1 0 ~ ~  0.0 

H2 + C2H - C2H2 I H 1 . 0 2 ~ 1 0 ~ ~  2.0 

Hz 2.0, CO 2.0, C02 3.0, H20 5.0 

3 .00~10 '~  0.0 

4 . 0 0 ~ 1 0 ~ ~  0.0 

5 . 0 0 ~ 1 0 ~ ~  0.0 

3 . 0 0 ~ 1 0 ~ ~  0.0 

3 . 0 0 ~ 1 0 ~ ~  0.0 

5 . 0 0 ~ 1 0 ~ ~  0.0 

3.37~10'~ 2.0 

1.OOX1012 0.0 

2.18x10-04 4.5 

4.83x1O-O4 4.0 

3.16~10~'  -0.6 

1.7sX1012 0.0 

1 . 1 3 ~ 1 0 ~ ~  0.0 

5 . 0 0 ~ 1 0 ~ ~  0.0 

7 . 5 0 ~ 1 0 ~ ~  0.0 

3.00~10~' 0.0 

5 .00~10 '~  0.0 

1 . 0 0 ~ 1 0 ~ ~  0.0 

1 . 0 0 ~ 1 0 ~ ~  0.0 

1 . 0 0 ~ 1 0 ~ ~  0.0 

1 .60~10 '~  0.0 

5 . 0 0 ~ 1 0 ~ ~  0.0 

5 .00~10 '~  0.0 
1 . 0 0 ~ 1 0 ~ ~  0.0 

2 . 0 0 ~ 1 0 ~ ~  0.0 
4 . 0 0 ~ 1 0 ~ ~  0.0 

3 .00~10 '~  0.0 

3 . 0 0 ~ 1 0 ~ ~  0.0 

2 . 0 0 ~ 1 0 ~  1.5 

4 . 2 0 ~ 1 0 ~ ~  0.0 

1 . 5 0 ~ 1 0 ~ ~  0.0 

2 . 0 0 ~ 1 0 ~ ~  0.0 

1.40x1016 0.0 

1 . 7 0 ~ 1 0 ~ ~  0.0 

1 . 1 7 ~ 1 0 ~  1.3 

4.00~10~' -0.5 

5 . 0 6 ~ 1 0 ~  2.7 

3.61~10~' -0.7 - -  
H20 18.6, H2 2.9, N2 1.3 

UNITS: A cm-ual lsec;  B -; C csllmol 

C 

28000.0 

1900.0 

2410.0 

0.0 

0.0 

10000.0 

-250.0 

0.0 

0.0 

0.0 

0.0 

14000.0 

-1000.0 

-2000.0 

15000.0 

1350.0 

3428.0 

8000.0 

8000.0 

2000.0 

70980.0 

1500.0 

0.0 

0.0 

8%. 0 
0.0 

0.0 
0.0 

0.0 

0.0 
0.0 

2868.0 

0.0 

30100.0 

IO7000 .O 
55800.0 

62360.0 
47780.0 

3626.0 

0.0 

6290.0 

0.0 
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REACTION 

OH + H02 - H20 + Or 

H + H02 - 20H 

0 + H02 - O2 + OH 

2OH - 0 + H20 

M 2H - H2 + M 

H2 + 2H - 2H2 

H20 + 2H - H2 + H20 

H M I .  H20 + M 

H20 5.0 

H + 0 - OH + M 

H20 5.0 

M + M - o2 M 

H + H02 - H2 + O2 

2H02 * H202 + O2 

M + HZOz 4 20H + M 

H202 + H - H02 i H 

H202 + OH + H20 + H02 

NO2 + 0 - NO + O2 

M NO2 - NO + 0 

NH + O2 - HNO + 0 

NH i O2 + NO + OH 

NH + NO - N20 + H 

N20 + H - N2 + OH 

M + N20 - N2 0 

N20 + 0 - N2 O2 

N20 + 0 * 2NO 

N20 + O H  - N2 + H02 

NH OH - HMO + H 

NH + OH - N H20 

NH i N - N2 + H 

NH + H * N + H2 

NH + 0 - NO + H 

M + HNO - H + NO 

H20 10.0, O2 2.0, W 2  2.0, 

HYO + OH - NO + H20 

HNO + H - H2 + NO 

2HNO - N20 i H20 

HNO + NO - N20 + OH 

N + NO - N2 + 0 

N + 02- N O +  0 

N + OH - NO + H 

H02 NO - NO2 + OH 

NO2 + H - YO + OH 

ZIH - 2H + N2 

A E 

7 . 5 0 ~ 1 0 ~ ~  0.0 

1.40~10~' 0.0 

6 . 0 0 ~ 1 0 ~  1.3 

1 . 4 0 ~ 1 0 ~ ~  0.0 

l.OOX1018 -1.0 

9 . 2 0 ~ 1 0 ~ ~  -0.6 

6.00~10'~ -1.2 

1.60xlo22 -2.0 

6 . 2 0 ~ 1 0 ~ ~  -0.6 

1 . 8 9 ~ 1 0 ~ ~  0.0 

1 . 2 5 ~ 1 0 ~ ~  0.0 

2.0OxlOl2 0.0 

1.60x1012 0.0 

1 . 0 0 ~ 1 0 ~ ~  0.0 

1 . 0 0 ~ 1 0 ~ ~  0.0 

1.1OX1016 0.0 

1 . 0 0 ~ 1 0 ~ ~  0.0 

2 . 4 0 ~ 1 0 ~ ~  -0.8 

1 . 3 0 ~ 1 0 ~ ~  0.0 

7 . 6 0 ~ 1 0 ~ ~  0.0 

7 . 6 0 ~ 1 0 ~ ~  0.0 

1.62~10~' 0.0 

1 . 0 0 ~ 1 0 ~ ~  0.0 

1 . 0 0 ~ 1 0 ~ ~  0.0 
2.00X1012 0.0 

2 . 0 0 ~ 1 0 ~ ~  0.0 

5 . 0 0 ~ 1 0 ~ ~  0.5 

3 . 0 0 ~ 1 0 ~ ~  0.0 

1 . 0 0 ~ 1 0 ~ ~  0.0 
2 . 0 0 ~ 1 0 ~ ~  0.0 
1 . 5 0 ~ 1 0 ~ ~  0.0 

0.0 

0.0 
0.0 

0.0 

0.3 
1 .o 
0.0 

0.0 

0.0 

0.0 

C 

0.0 

1073.0 

1073.0 

0.0 

0.0 

0.0 

0.0 
0.0 

0.0 

-1788.0 

0.0 

0.0 

45500.0 

m o . 0  

1800.0 

600.0 

M(100.0 

12000.0 

1530.0 

0.0 

15200.0 

51600.0 

28200.0 

28200.0 

10000.0 

0.0 

2000.0 

0.0 

0.0 
0.0 

48680.0 

0.0 

0.0 

5000.0 

26000.0 
0.0 

6280.0 

0.0 

-479.0 

1500.0 

0.0 



LASER-INDUCED FLUORESCENCE MEASUREMENTS TO TEST CHEMICAL 
MECHANISMS O F  PROMPT NO IN METHANE FLAMES 

Dwayne E. Heard, Jay B. Jeffries, Gregory P. Smith and David R. Crosley 
Molecular Physics Laboratory 

SRI International 
Menlo Park, CA 94025 

ABSTRACT 

Laser-induced fluorescence measurements have been made of the OH, CH and NO radicals 
in slightly rich methane/air flames burning at 30.70 and 120 Ton; in the 30 Torr flame atomic 
hydrogen is also measured. Absolute NO and OH concenaations were determined using separate 
calibration experiments. Temperature profiles were deduced from OH rotational excitation scans, 
and fluorescence quenching rates for NO and CH were determined. Predicted profdes of the 
concentrations of these radical species as a function of height above the burner were obtained from 
a computer model of the flame, and comparison made with experiment. Good agreement is 
achieved for the relative concentration profiles, the absolute NO concentration, and concenaation 
ratios between 30 and 70 Torr, although slight disagreement with the CH profile indicates there 
remain some unknown aspects of the flame chemistry. 

INTRODUCTION 

Although natural gas is a clean burning fuel, containing virtually no fuel-bound nitrogen or 
sulfur, its combustion in air forms NO, pollutants. These emissions limit its use, and the degree 
of regulation is expected to become more stringent in the future. Thus reduction of NO, emissions 
in practical natural gas systems is an important objective. A major part of attaining that goal is the 
development of a predictive computer model of the pertinent chemistry, validated by sensitive 
laboratory experiments. 

flames is by the prompt-NO route, especially for slightly fuel-rich conditions. This dominates in 
practical natural gas/air flames, which usually operate at temperatures below 2000 K. Even 
though average fueyoxygen ratios may be on the lean side, there are always locally fuel-rich 
regions in a nonpremixed flame, which includes most practical burners. 

postulated by Fenimore' in 1971. Much of this reaction mechanism has recently been extensively 
reviewed and discussed by Miller and B o ~ m a n . ~  The primary initiation reactionjs that of the 
radical CH with the air nitrogen to produce HCN and nitrogen atoms. The HCN undergoes 
several oxidation steps to produce more N atoms; these atoms then react with OH and 02 to form 
NO. Some of the NO can be back-converted to HCN through a series of reacti0r.s also involving 
CH radicals. 

NO produced in naturdgas air flames is often tens of parts per millions, the reactive species 
responsible are also present at low concenaations. Accordingly, any sensitive test of the model 
predictions must involve measurements of these pertinent radical species with a high degree of 
spatial resolution. We have made laser-induced fluorescence measurements of atomic hydrogen 
and the free radicals CH, OH and NO in low pressure methandair flames. The flame studied most 
extensively was burned at 30 Torr. A computer model of the flame chemistry was used to predict 
species profiles, and comparisons with experiment were made to identify key aspects of the prompt 
NO chemical mechanism. 

At temperatures below 2000 K, the major method of NO production in hydrocarbon/air 

The prompt NO mechanism, whose reactions occur near the flame zone, is largely that first 

Much but not all of this chemistry is well understood. Because the desired level of prompt 
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EXPERIMENTAL DETAILS 

evacuable chamber suitable for optical probing, described in more detail in Refs. 3 & 4. A shroud 
of Ar was employed to match the flame velocity at the burner surface and improve flame stability. 
The flame most extensively studied was slightly rich, with an equivalence ratio of 1.13, and at a 
pressure of 30 Torr. The high pressure flames were operated at the same equivalence ratio and 
same total flow rates, so they are positioned much closer to the burner surface. The flow rate was 
kept constant at all 'hks for all flames studied in this work. All measurements were made using 
laser-induced fluorescence &IF)?; the optical configuration remained the same whilst the burner 
was uanslated vertically with a minimum step size of 6 pm. Profiles as a function of height above 
the surface were typically measured with 125 pn between points and a spatial resolution between 
0.2 mm and 1.0 mm. 

Following laser excitation the fluorescence was collected at right angles and imaged onto a 
monochromator with attached photomultiplier (PMT), except in the case of H atoms, for which an 
interference filter centered at 656 nm was employed. The PMT signal was captured by a boxcar 
(SRS 250) and stored on computer through a CAMAC crate. Fluorescence lifetimes were 
measured using a Transiac 2001s 100 MHz digitizer. The laser energy was recorded in order to 
normalize the LIF signal on a shot-to-shot.basis. 

Collisions with the ambient flame gases quench the electronically excited states of the 
radicals, decreasing the fluorescence decay time from that given by the purely radiative rate. In the 
case of OH, the influence of quenching on the fluorescence quantum yield is avoided by the use of 
a short (20 ns duration) gate triggered promptly after the exciting laser pulse.5 For NO and CH, 
the lower signal levels require integration over a large fraction of the decay pulse, and quenching 
must be accounted for to determine relative conceneation profiles. In the case of NO, the decay 
time in the flame is also needed to calibrate the absolute concentration by comparison with LIF 
from a known mom temperature concentration. 

Decay measurements were made in the 30 and 70 Torr flames for both NO and CH, using 
the transient digitizer, with 10 ns resolution. The details are reported elsewhere? where the 
experimental results for the 30 Tom flame are compared to those expected from current knowledge 
of species-specific cross sections for quenching of A2C+ NO and A2A CH, together with a 
calculated composition of the flame. The agreement is good, within 20 to 30%. For both CH and 
NO, total quenching rate and thus fluorescence quantum yield were found6 to be independent of 
flame position within experimental errors of 10%. 

TEMPERATURE MEASUREMENTS 
Accurate temperature determinations are crucial to any meaningful comparison between 

measured and calculated species profiles. This is because of the highly nonlinear dependence of 
reaction rates on temperature; it is especially true in the case of prompt NO formation, owing to the 
considerable temperature dependence for reactions including CH + N2. As discussed below, a 
systematic error of 40 K through the flame. (about 2.5%, and the same as our random error bars) 
would alter the predicted NO concentration by nearly 25%. 

radical concenmtions, accounting for the variation of the fraction of the molecules populating'the 
absorbing level as a function of temperature. Accuracy is especially imponant for this purpose at 
the lower temperatures close to the burner surface. 

LIF temperature measurements are made using rotational excitation scans in the (0,O) band 
ofthe OH radical, which provides strong signals throughout the flame. The special care that must 
be taken to avoid systematic errors in these measurements has been discussed7 These include: 
(1) use of a prompt detection gate, here 20 ns, to avoid problems caused by temperature and 

The flames were supported on a 6 cm diameter porous plug McKenna burner, inside an 

The temperature profiles are also needed to reduce measured LIF intensities to ground state 
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rotational-level dependent quenching and radiative rates; (2) use of a detector with a uniform 
response over a wide bandpass, here 25 nm, to avoid biasing due to changes in the fluorescence 
spec- with excited rotational level; (3) normalizing LIF signals by transmitted laser intensity to 
c m t  for non-zero optical depth, and (4) operating in a linear regime to avoid intensity anomalies 
due to satellites and line wings. 

Temperatures were measured in the flame using a spectral fitting method. Fig. 1 shows 
how spectra taken at different heights above the bumer surface vary with temperature. The top 
panel is near the peak, with a fitted temperature of 1672 K. The middle panel shows a specmun at 
1153 K, while the bottom panel exhibits the sparse spectrum found in the coolest region we could 
measure, 405 Kat only 2.5 nun from the burner surface. Due to the near ambient temperature 
(achieved through water cooling) heterogeneous reactions at the bumer surface are minimized. 

The temperature profile in the 30 Torr flames is shown in the top left panel of Fig. 2. 
Temperature profiles were also measured in the 70 and 120 Torr flames, exhibiting a peak closer to 
the burner surface, but with approximately the same peak value. The error bars were larger in the 
higher pressure flames, and have been estimated at about 100 K. A smooth temperature profile 
was fitted to the data for each flame, and then used as input to the model as well as for analysis of 
the LIF intensity profiles to obtain species concentrations. 

EXPERIMENTAL SPECIES PROFILES 

some checks using the Ri(3) line showed excellent agreement after accounting for the difference in 
population fraction with temperature. The 20 ns duration, prompt gate avoided effects of 
quenching.5 The absolute OH concentration was measured at its peak value by an absorption 
measurement of 2% per cm for the Rz(6) line and 1.5% per cm for R1(3), corresponding to a peak 
concentration of (6k3) x 1014 molecules/cm3. or a mole fraction of 0.0035 in the 30 Torr flame. 
Similar measurements at 70 Torr indicate approximately the same fractional peak concenuation. 

NO--The Q1( 17) rotational line of the (0.0) band of the A-X system was used for the 
profiles, (again minimizing the temperature dependence of the absorption) while collecting the 
(0,2) fluorescence. The absolute NO concentration was obtained by calibration using LIF in 
known amounts of NO diluted in heliudargon mixtures, flowing through the bumer at room 
temperature. The optical system was the same as in the flame; the ratio of the LIF signals under 
these conditions to those in the flame then furnished the desired calibration. In the room 
temperature flow, the decay is mainly radiative with a lifetime of 192 ns. The quenching rate in the 
30 Torr flame at the peak of the NO signal is 2.9 x lo7 s-'. Taking the ratio of the two signals and 
the quenching and accounting for Boltzmann po ulation difference of the absorbing rotational level 

4 ppm in the flame. From comparison of the relative LJF signals at 30 and 70 Torr, and a plying 

obtained at 70 Torr (3.2 ppm). 
CH--Excitation and observation were performed in the (0,O) band of the A-X system. 

There was insufficient absorption to calibrate for an absolute CH concentration. However, the 
profiles taken at 30 and 70 Torr were used to obtain a ratio of the peak CH concentration at these 
two pressures, showing a decrease in CH concentration at 70 Ton, with the ratio [CHI30 
~orr/[CHhO Torr being 1.7. 

OH--Most profiles were made using the R2(6) line of the (0,O) band of the A-X system; 

yielded a peak NO concentration of (7k4) x 101 P molecules/cm3, or a fractional concentration of 

the necessary quenching correction, a peak NO concentration of 1-3 x 1OI2 molecules/cm P was 

H Atom-Hydrogen atoms were excited to the n = 3 level using two photons near 
205 nm, with observation of the Balmer-a n = 3 + n = 2 emission at 656 nm. In addition to LIF, 
amplified spontaneous emission (ASE) was also observed along the laser axis in both the forward 
and backward directions. 

All intensity profiles were corrected to account for the Boltzmann fraction of the absorbing 
level at the local temperature. Profiles in the 30 Torr flame are given in Fig. 2 over a wide range of 
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measurement well into the burnt gases. For OH and NO, the absolute concentrations are given; for 
CH only a relative profile was obtained. The time decay measurements showed quenching of NO 
and CH to be invariant with position, so no quenching corrections were performed, the OH 
profiles were obtained with a prompt gate so they are not influenced by quenching. Also shown is 
the OH(A) chemiluminescence profile measured with the laser off, a result of the CH + 9 
reaction, which creates OH directly in the emitting A%+ state. 

30 Ton flame. CH is sharply peaked at about 1.0 cm above the burner surface, similar to that of 
the chemiluminescence fmm OH(A), which is a direct product of the CH + 9 reaction. The 
concentration of NO, OH, and H rise more slowly above the burner, and extend well past the 
flame front into the bumt gases. NO displays a bisigmoidal rise and this feature. is discussed 
below. Profiles in the 70 and 120 Torr flames are not shown but are qualitatively similar, 
including a bisigmoidal NO profile at 70 Torr. 

At this point, it is useful to qualitatively describe the proftles of the three species in the 

FLAME MODEL CALCULATIONS 

A computer model of the chemishy of low pressure methandair flames was assembled to 
compare predicted concentrations with the experimental profiles, and to gain some insight into the 
conaolliig kinetics. A basic mechanism was constructed, with rate constants of our choice8 based 
largely on the recommendations of Wamatz9 for hydrocarbon oxidation and of Miller and 
Bowman2 for the prompt NO submechanism This latter subset was selected according to the 
authors' flowcharts, anddncluded deN0, chemistry. A total of 148 reactions involving 38 species 
were included. Thermodynamic and aanspon input are from the Sandia databases.10 with sli ht 

OH(A) chemiluminescence is calculated according to production from the CH + 9 reaction, and 
removal by collisional quenching on a time scale short compared to flow velocities or diffusion. 

dimensional fluid flow; it includes thermal diffusion, bimolecular and unimolecular kinetics, and 
sensitivity analysis for individual chemical reactions. Necessary inputs are the measured pressure 
and gas flow rates at the burner surface, and the measured temperature profile. Calculations were 
performed well out into the burnt gases, to a height of 10 cm above the burner for the 30 Torr 
flame. The cross-sectional area of the flame was assumed constant (see below). Predictions of the 
model are compared to experiment for order, peak position, width and shape of the species 
profiles, and the absolute concentrations. These comparisons form sensitive tests of our 
understanding of the flame chemistry. 

SPECIES PROFILES 
In Fig. 2, the computed concentrations have been matched to the maximum of the 

experimental values at 30 Tom. In relative position, the CH and OH(A) chemiluminescence reach 
their peaks at the half maximum point in the rise of ground state OH, is., at the flame front in both 
experiment and model. However, the predicted widths are slightly too small, by roughly a 
milliieter for CH, and the CH in the model rises a millimeter too late. This disagreement implies 
some errors in the chemisay controlling CH production and destruction, and thus entertains the 
expectation that the model will also be in ermr with respect to predicted NO production. Since the 
position of the OH rise is well predicted, it appears the overall oxidation chemistry is being 
modeled reasonably. The OH(A) chemiluminescence calculation appears to decay too rapidly, 
suggesting gaps in our mechanistic knowledge or a second production reaction. 

The shapes of the NO and OH profiles are also adequately computed, although early OH is 
underpredicted, and the slight apparent decline of NO in the bumt gases is not calculated. The OH 
profile shows low but significant concentrations at early time (low height) due to diffusion. The 
rise and steepness of the OH are well predicted, within 1 mm, as is the decline in the burnt gases 

modifications for the thermodynamics of the methylenes, formaldehyde, CHzOH, and NCO. f The 

The flame model cdculations were carried out using the Sandia flame code,'l based on one 

1606 



i 

I 

I 

via reaction with CO. The leveling off after 2 cm, the presence of NO at low heights, and the 
bisigmoidality of the profile are well predicted by calculation. The match in absolute position of 
the NO rise is also good, although diffusion reduces the sharpness of the rise. 

ABSOLUTE CONCENTRATIONS 
Absolute concentration measurements form another sensitive test. The calculated peak OH 

concentration at 30 Torr is 50% above the measured value, just at the estimated confidence limit for 
the absorption measurement. The NO concentration calculated at 1.75 cm for the 30 Torr flame is 
3.7 ppm compared to the measured, calibrated value of 4 ppm This excellent agreement is 
surprising, given the uncertainty in the main rate constants to which NO is sensitive, in particular 
the controlling chemistry involving CH (see below). 

Our choice of rate constant for the key CH + N2 --f HCN + N is based on the direct shock 
tube measurement of Dean et al.12 A preliminary transition state theory extrapolation of these 
values to the lower temperatures of the flame indicates a simple Arrhenius expression is adequate. 
The value obtained from this rate constant expression is in substantial agreement at 1500 K with 
the value recommended by Miller and Bowman2. An absolute measurement of the CH 
concentration was not performed in these experiments. The calculation predicts a peak mole 
fraction of only 2 p m, very simiiar to that from another recent modeling study of a 0.1 atm 
methandair flame.15 

Model calculations were also made for the 70 Torr flame with the same stoichiometry and 
flow rates, using the measured temperature profile as input. The calculated mole fraction of NO 
formed is the same, in good agreement with the observed ratio of 0.8. The model also predicts a 
peak mole fraction of CH at 70 Torr of 35% of the 30 Torr value, which agrees excellently with the 
observed 0.25 ratio. This good agreement, although at present for a very limited set of conditions, 
offers encouragement for being able to predict pressure effects on prompt NO formation. 

We briefly examined a few aspects of the kinetics associated with the profiles of NO, 
HCN, and NH. The early peak of NO is due to diffusion and its failure to react away at lower 
temperature. If we analyze all production rates for NO, there are no significant reactive sources in 
this region. The rise in NO early in the flame front occurs from the CH + N2 reaction, which 
forms N atoms that are rapidly converted by oxygen to NO. Examination of reaction rates shows 
that almost all NO is from the prompt mechanism. The other product from the CH + N2 reaction, 
HCN, also has a wide distribution showing that it has also diffused back to a nonreactive region, 
and that it takes longer to burn out. The NH distribution, which is the final step in the HCN 
oxidation process before N and NO production, occurs later in the calculated flame. These last 
steps are responsible for the final curvature in the profile near 2 cm. The peak NH concentrations 
are predicted to be in the 10 ppm range, and its LIF profile could be a useful diagnostic for this last 
pomon of the prompt NO mechanism. 

formation. Quantitative measurement and control of CH and its kinetics are clearly indicated as the 
key to reduction of NO, emissions which result from prompt NO chemistry. 

Sensitivity analysis indicates the CH + N2 reaction to be the most important step in NO 

CONCLUSIONS 

Laser-induced fluorescence measurements have been made of the species OH, CH and NO 
in a low-pressure methandair flame and compared with predictions from a detailed computer 
model. Through measurement of several radicals, assessment of the goodness of the model does 
not re19 on a single species comparison, and we can see which pan of the model needs funher 
investigation. 

in excellent agreement with experiments. A sensitivity analysis shows that the key reactions 
The model prediction of both the NO profile and its absolute concentration in this flame are 
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controlling prompt NO are CH + N2 plus those which control the CH concentration and position. 
However, the CH concentration profile is not in such good agreement with experiment. 

The development of a measure of the predicted temperature sensitivity shows that this 
parameter, whose profile is taken as input to the model, is extremely important in NO prediction. 
Uncertainty in the temperature severely limits the ability to calculate or control the amount of 
prompt NO formed, even with perfect knowledge of kinetics. This could be particularly important 
for practical burners with nonpremixed flames where there exist a variety of temperaturd 
concentration conditions. 

CH as the pressure is raised from 30 Torr to 70 Torr. This suggests that the pressure dependence 
of the reaction rates is properly incorporated, and indicates that the model may be suitable for 
scaling to yet higher pressures. However, confmt ion  is needed at more than just this pair of 
pressures. 

The success of the model is encouraging although there remain questions, especially 
concerning the ability to predict CH. Therefore we do not yet know the predictability of this 
reaction set, and need to make further measurements with different conditions (pressure and 
stoichiomeny). Absolute measurement of the CH concentration would be a particularly useful 
addition to the results at hand, and a determination of NH would be valuable. 

The model also makes excellent predictions of the relative concentrations of both NO and 
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Figure 1 OH LIF rotational excitation 
spectra at three. positions above 
the burner in the 30 Torr flame. 
Top: 3.22 cm height, 1672 K 
temperature; middle: 0.89 cm, 
1153 K; bottom: 0.25 cm, 405 K. 
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Figure 2 (a) Experimental temperature profile from OH LIF in the 30 Torr flame. A 
temperature of 399 K at the burner surface was assumed as a boundary condition for 
the flame model. 

(b) - (e) Experimental and calculated species concentration profiles in the 30 Torr 
@ = 1.13 methane/& flame. Note the horizontal scale change for (d) CH(X2ll) and 
(e) OH(A2P). Model profile species are given by the smooth lines, and the OH 
values have been scaled by a factor of 0.67 to match the peak experimental value. 
Scattered laser light from the burner surface can be seen in the CH profile (d). 
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ABSTRACT 
Spatial concentration profiles for CH have been obtained using laser-induced fluorescence in 

several 10 torr CH,/Oz flames at equivalence ratios (a) between 0.8 and 1.3. The experimental flow 
rates, temperature profiles, and a published chemical mechanism have been used in Sandia's flame 
code to predict CH spatial positions. A comparison of experimental results and computer calculations 
are presented. 

I. INTRODUCTION 

The flame environment is one of the most interesting and complex chemical systems. 
Experimental efforts have been directed to identifying and quantifying molecular and atomic species 
in flames using a variety of techniques. An increasing experimental kinetics data base and computer 
modeling advances have made it possible to correlate experimental measurements with computer 
predictions. It is clear that experimentally monitoring all of the chemical species in any hydrocarbon 
combustion problem is impractical if not impossible. The ability to predict the behavior of most flame 
species based on a few experimental parameters is attractive and sometimes necessary for practical 
applications. 

The flame zone is several millimeters wide at 10 torr which allows for the examination of CH 
with sufficient spatial resolution to resolve its growth and decay. This paper presents modeling and 
experimental comparisons for CH which extends our previous work.' The current work details the 
behavior of CH (experimental and predicted) for several 10 torr methaneloxygen flames of differing 
fuel equivalence ratios. We were particularly interested in the results for-fuel-rich flames. We 
monitor OH radical distributions (for temperature measurements) and CH radical concentrations with 
laser-induced fluorescence. LIF. 

11. EXPERIMENTAL 

Measurements characterizing a steady-state 10 torr methaneloxygen flame have been outlined 
previously.L Experiments were carried out in a water-cooled, stainless steel 6-way cross containing 
a water-cooled flat-flame burner.' Pressure measurements were made at the  top of the cross using 
MKS baratron heads. Pressures were maintained at 10 torr to within 0.5 %. The flames are 
supported on a sintered bronze 6-cm diameter mantel. A shroud gas flow of Argon was used whose 
flow rate was adjusted to match the total mass flow through the burner for each flame studied. 
CH,/02 flames were studied with equivalence ratios and flows listed in Table 1. The flow rates were 
measured with calibrated mass flow meters (Tylan). The methane and oxygen were premixed 
upstream from the burner. Total mass flow was maintained constant for all of the flames studied at 
1.140 2 0.005 mp/scm'. The previously studied flame had a mass flow of 1.040 2 0.005 mgls-cm'. 
Vertical translation of the burner via a bellows assembly with micrometer adjustment allowed a 10 cm 
range above the burner to be probed with a position reproducibility of & 0.03 cm. 
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The CH and OH radicals were detected by LIF with the output of an excimer-pumped dye laser 
(LambdaPhysik 101MSCIFL2002). The diameter of the probe beam was 0.8 mm. We measured CH 
intensity profiles as a function of position along the burner centerline by tuning the probe laser 
wavelength to the Pl(6) transition in the A2A - X211 (0,O) band at 431 nm (Coumarin 440 dye, 
Exciton). A Corion 4500 interference filter (433 nm center, 60 nm FWHhf) allowed the collection 
of CH fluorescence in the (0,O) band. The probe laser energies were kept I 4  @/pulse. There was 
essentially no scattered light in the CH experiments. Zeroes were obtained by tuning off of the peak. 
A second PMT monitored the probe laser intensity using scatter from a roughened aluminum plate. 
Gated integrators (SRS) monitored signals from the PMT’s. The fluorescence signals were weighted 
by the temperaturedependent Boltzmann population of the probed level determined from the exper- 
imental temperature profile. The detected fluorescence signals were also corrected for obscuring of 
the LIF signal by the burner itself. We assumed a uniform CH electronic quenching rate throughout 
the flame which has been demonstrated to be reasonable in similar flames.374 

The flame temperature profiles were obtained using a PtJ 13 % Pt-Rh thermocouple (Omega - 
Type R, 0.01 inch diameter wire). The thermocouple leads were housed in a ceramic tube. The bare 

thermocouple was acid washed and then coated with a high temperature adhesive cemed 
(Cecamabond 569) which was cured using the manufacture’s recommended procedure. The coated 
junction was positioned above the center of the burner with the leads parallel to the burner surface. 
For OH temperature measurements, OH excitation spectra were obtained using the frequency doubled 
output of the dye laser (coumarin 540A, Exciton). The OH probe laser had a diameter 0.8 mm 
and the energy was kept below 0.5 LJ/pulse. OH radicals were excited in the A2C - X’ll (1,O) band 
from 281 to 285 nm. A Coming 7-54 filter (320 nm center, 120 nm FWHM) transmitted fluorescence 
in the (1,O) and (0,O) band. Radiation corrections6 for the thermocouple readings were calibrated 
using the OH LIF rotational temperature measurements in the + = 0.9 flame previously studied. The 
radiative effect of the bumer surface to the thermocouple was accounted for by a view factor for a 
sphere to a disk.7 

111. MODELING 
We have previously shown that OH and CH relative concentration profiles could be reasonably 

modeled in a iP = 0.9 flame using the chemical mechanism of Miller and Bowman,* excluding the 
nitrogen containing species. The same mechanism is used in this study and consists of 33 chemical 
species and 150 reversible reactions. Chemical thermodynamic data and rate coefficients were 
evaluated using CHEMKIN-II which can account for the pressure dependence of the appropriate 
reactions. 

To model the CH profiles we used PREMIX,9 a one-dimensional flame code developed at 
Sandia for modeling premixed, laminar flames. PREMIX calculates the steady-state species spatial 
profiles and requires the following as input: a chemical mechanism, transport properties, total 
pressure, flow rate, burner diameter, and the vertical temperature profile. 

IV. RESULTS AND DISCUSSION 

A. Temperature measurements 
Thermocouple measurements were made throughout each flame as a function of height above 

the burner. The thermocouple temperature readings were corrected as outlined above. Listed in Table 
1 are the maximum corrected temperature reading for each flame. The corrected temperature profiles 
are shown in Figure 1. Typical corrections for the 0.15 cm diameter coated junction varied from 100 
to 550 K over the measurement range of 1000 to 1700 K. These corrections are large but consistent 
with the large junction diameter used in these experiments. Such large diameters were necessary to 
insure the integrity of the coating. Uncoated thermocouple temperature measurements have been 
shown to be completely unusable in a similar flame due to the very large catalytic effect.’ Flame 
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deposited SO, coatings were found to be very fragile and could be used in only for a few 
measurements before the coating deteriorated. The Ceramabond coating was very sturdy, lasting for 
numerous flames, and is easy to apply. 

Also presented in Figure 1 are the LIF OH rotational temperature measurements for the + = 
0.8 flame. The agreement is very good for this flame which has a 10% higher gas flows than the 
calibration flame. Temperatures at 1.5 cm above the burner for all of the flames were measured using 
OH excitation spectra as a check on the correction method used. Very good agreement was found for 
all of the flames at this position, the corrected reading always within the & 2 u experimental 
uncertainty. 

B. Concentration measurements 
Experimental relative concentration profiles for CH are shown in Figure 2 for flames + = 

0.8, 0.9, and 1.0. Results for flames @ = 1.15 and 1.3 are presented in Figure 3. Symbols in both 
of these figures are connected with a dashed line and the symbol legend is presented in Figure 1. All 
experimental concentrations are on the same relative scale (left axis). Also shown in Figures 2 and 
3 with solid lines are the PREMIX calculated steady-state CH profiles (right axis) for the respective 
equivalence ratios. The two vertical axes (relative and absolute) have been chosen such that the 
maximum experimental concentration for 0 = 1.0 flame equals the PREMIX calculated maximum for 
that flame. 

The qualitative shape of these profiles were as expected. Ground state CH radicals peak in 
each of the flames and the distances of these peaks above the burner surface are found to increase with 
higher equivalence ratio. Such behavior has also been observed in 40 torr GH, flames." The 
general shape of the calculated CH steady-state profiles is in qualitative agreement with the 
experimental profiles. Higher CH concentrations are observed for higher flame equivalence ratios. 
Table 2 summarizes the quantitative comparison of the significant results: location of the profile 
maximum, the profile width, and concentration. The location of the profile maximum above the 
burner is reasonably well predicted for all of the flames. The model predicts the peak location to be 
approximately 1 mm closer to the burner than observed experimentally for each of the flames. This 
difference appears to be constant for all of the flames. For the profile widths, the calculated widths 
(FWHM) are the same as the experimentally observed widths within experimental uncertainty. For 
the concentration comparison, the calculated concentrations were divided by the relative experimental 
concentrations and then multiplied by the experimental profile for the + = 1.0 flame. Table 2 shows 
that the + = 0.8, 0.9, 1.0, and 1.15 flames are in good agreement within experimental uncertainty 
assuming the above scaling method. The largest difference is the slight over prediction of the 9 = 
1.3 flame. This may be due to the presence of higher hydrocarbons in the richer system which are 
not in the chemical mechanism. Another assumption made is that the quenching rate is a constant as 
a function of height above the burner. Although this is valid for methane flames, it has been shown 
to break down in flames using higher hydrocarbon fuels." 

CH concentration profiles are very sensitive to the spatial temperature profile. The very good 
agreement of the location of the concentration maxima between predicted and calculated and the good , 
agreement for the + = 0.8 flame between corrected thermocouple readings and LIF OH 
measurements, suggest that the thermocouple coating and correction method employed here is valid. 
The position of 1.5 cm above the burner for comparing the corrected thermocouple measurements with 
the OH rotational temperatures was chosen because of the fairly small temperature gradient at this 
position and the fairly good temperature separation of the flames (see Figure 1). A small systematic 
error in the temperature measurement in the region just above the burner is difficult to determine due 
to the very large temperature gradient present there and the finite probe size for both a thermocouple 
or a laser probe beam. 
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VI. CONCLUSIONS 

The agreement between experimental measurements and modeling calculations of CH 
concentration profiles for 10 torr methaneloxygen flames has extended confidence in the predictive 
ability of the behavior of this specie in fuel-lean to slightly fuel-rich flames. These results indicate 
that the chemical mechanism used is consistent with the experimental observations but are not a 
confirmation of the mechanism or a verification of any individual kinetic rate. These results along 
with other species measurements, primarily other radical species, will begin to verify the chemical 
mechanism. Although CH is a minor chemical player in any hydrocarbon flame, the presence of 
ground-state CH only in the flame front makes the ability to predict its behavior extremely useful. 
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Table 1. Experimental Conditionsasb 

@ CH, 0 2 ,  Maximum T 
(slpm) (slpm) (K) 

0.8 0.44 1.10 2006 
0.9 0.67 1.08 2093 
1.0 0.53 1.06 2169 
1.15 0.59 1.03 2273 
1.3 0.65 1.00 2286 

a Total mass flows for each of the flames was 1.140 & 0.005 mgls/cm2. 

Argon shroud gas was flowed to match the mass flow rate in the burner. 

Radiation corrected temperature (see text). 

I 

I 

Table 2. Comparison of Experimental and Modeling Results 

Flame Profile Maximum Profile Width Peak Height Ratio * Location (cm) (cm) ModellExpenment 

ExperimenP Model Difference Experimentb Model (Scaled to = 1.0)' 
(Exp - Model) 

0.8 0.55 0.49 0.06 0.80 0.64 0.79 0.19 
0.9 0.60 0.51 0.09 0.71 0.68 1.07 2 0.21 
1.0 0.65 0.55 0.10 0.75 0.72 1.00 
1.15 0.75 0.66 0.09 0.86 0.78 1.27 +. 0.22 
1.3 0.95 0.84 0.11 1.03 0.93 1.72 & 0.29 

a 

radius. 
- + 0.08 cm uncertainty includes the measured positional uncertainty and the laser probe 

- + 0.16 cm uncertainty. 

' - + 2 a .  
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Figure 1. Temperature measurements as a function of height above the burner for the flame listed in 
Table 1: Corrected readings for a coated Pt/Pt-13% Rh thermocouple (solid lines); OH LIF 
temperatures derived from excitation spectra (filled circles) for the + = 0.8 flame. 
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Figure 2. Concentration profiles for CH versus height above the burner for the flames + = 0.8, 0.9, 
1.0, listed in Table 1 (symbol legend defined in Figure 1): Experimental concentration profile 
(symbols connected with a dashed line, left axis); PREMIX calculated CH radical profile using 
chemical mechanism listed in Reference 8 (solid line, right axis). Relative experimental concentrations 
have been scaled to the PREMIX calculated maximum value for the + = 1.0 flame. 
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Figure 3. Concentration profiles for CH versus height above the burner for flames @ = 1.15 and 1.3, 
listed in Table 1 (symbol legend defined in Figure 1): Experimental concentration profile (symbols 
connected with a dashed line, left axis); PREMIX calculated CH radical profile using chemical 
mechanism listed in Reference 8 (solid line, right axis). Relative experimental concentrations have 
been scaled to the PREMIX calculated maximum value for the @ = 1.0 flame. 
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A project was performed to determine the feasibility of converting waste 
polymers into diesel fuel. The primary waste polymer source of interest 
was disposable diapers, consisting of a mixture of cellulosic and synthetic 
polymer material in the prese!ce of biological wastes. The overall project 
consisted of five phases: (1) reaction equilibrium calculations, (2) batch 
pyrolysis study, (3) continuous pyrolysis study, (4) continuous liquefaction 
study, and ( 5 )  integrated system demonstration. The integrated system 
consists of a circulating solid fluidized bed pyrolysis system to produce a 
synthesis gas for a fluidized bed catalytic liquefaction reactor. 
for the pyrolysis system is to optimize the composition of hydrogen, carbon 
monoxide and ethylene in the synthesis gas for conversion to diesel fuel in 
the catalytic liquefaction reactor. The liquefaction reactor produces a 
product very similar to commercial No. 2 diesel fuel. 

INTRODUCIlON 

The objective 

Approximately 18% by volume of municipal solid waste consists of waste 
plastics (1). 
about 2% of the total waste stream. 
environmental and regulatory pressure, a flurry of activity has emerged to 
seek alternatives to landfill disposal of these materials. Proctor & Gamble, 
for example, has announced an "accelerated composting" program for their 
disposable diaper products (2). 
segregate the non-compostable parts from the cellulosic parts. The intent is 
to convert the cellulosic parts into "soil enhancer" (compost). 
the plastics part still goes to the landfill. 
for the "soil enhancer" and the probable 
plastics. 
components) into marketable products with minimal landfill requirements. 
This approach has been developed at Arizona State University (ASU) 
utilizing Over 100 different feedstocks, generally falling into the categories 

The 15.8 billion disposable diapers used annually comprise 
Due to increasing landfill costs and 

Separation steps are implemented to 

Presumably, 
The questions would be the market 

necessity to still landfill the 
An alternative approach would be to convert the bulk diaper (all 
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of industrial wastes, municipal wastes, hazardous wastes and various 
agricultural and forest residues. An indirect liquefaction approach is used, 
Le., gasification of the feed material to a gas followed by liquefaction of the 
gas to a No. 2 diesel grade transportation fuel. The sequence is illustrated in 
Figure 1. 
of hydrogen, carbon monoxide and ethylene while the objective in the 
second step is to maximize the production of diesel fuel from these three 
reactants. A high octane product can be produced via conventional 
catalytic reforming of the diesel material. 
liquid hydrocarbon fuels, medium quality gas (ca. 500 BTU/SCF) and/or 
electricity (via heat recovery or combustion of the fuels). 
operating conditions and catalysts for the  second stage reactor could 
produce other products (e.g.. alcohols, methane etc.). 

Prior work on this process has been described elsewhere (see, for example, 
references 3-6). 
diapers. A five phase approach was used (reaction equilibrium calculations, 
batch pyrolysis study, continuous pyrolysis study, continuous liquefaction 
study, integrated system demonstration) with performance limited to an 1 I 
month period. The intent was to minimize the project risks and costs for 
scale-up to a commercial configuration. Using the composition of a 
particular disposable diaper product ("Huggies") as an example, the 
maximum yields of diesel fuel (wet and dry basis) are illustrated in Figure 
2. 
gals/ton range (dry basis). 

EQUILIBRIUM CALCULATIONS 

Composition analysis for three commercial disposable diaper products is 
shown in Table 1. 
for 'example calculations. 
monoxide, ethylene, ethane, acetylene, methane and carbon dioxide, the 
equilibrium product composition was calculated as a function of 
temperature by minimizing the Gibb's free energy of formation subject to 
atom balance constraints. 
components decrease with temperature except hydrogen and carbon 
monoxide. The desired hydrogen/carbon monoxide ratio of ca. 1.2 (based on 
prior work) is achieved at ca. I100 K (1550 
equilibrium, as expected in the presence of hydrogen. 

BATCH PYROLYSIS STUDY . 

These experiments were performed in a Chemical Data Systems Model 122 
Pyroprobe coupled to a Carle Gas Chromatograph Model AGCl l lH  . The 

The objective in the gasification step is to maximize the production 

The potential products are thus 

Alternative 

This paper will present the application for disposable 

Realistic actual liquid product yields are expected to be in the 50-100 

Since the compositions are similar, Huggies will be used 
Assuming a gas product slate of hydrogen, carbon 

Results are shown in Figure 3. As shown, all 

F). No ethylene is predicted at 
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Pyroprobe consists of a temperature programmed ampule containing a 
sample of the desired feedstock with product gas being swept to the gas 
chromatograph via helium carrier gas. 
was performed for the factors temperature and water composition. The 
experimental design is given in Figure 4 with the results shown in Table 2 
using Huggies as the example feedstock. 
was set by results from the reaction equilibrium calculations. The three 
responses of interest are: (1) hydrogen + ethylene + carbon monoxide, (2) 
hydrogen/carbon monoxide, and (3) ethylene. The superior level for all 
three responses is  at the high level for each factor (experiment E). The 
factor ranking (via analysis of variance calculations) and experimental error 
(as calculated by base point replication range divided by factorial 
experiment range) is shown in Table 3. 
to be favorable for further investigation in a continuous system. 

m m o u s  PYROLYSIS STUDY 

A full factorial designed experiment 

The base condition for temperature 

All response results are considered 

This task was performed in a reactor constructed from 3 inch schedule 40 
pipe with a length of 3 feet. bed configuration was utilized with 
electrical heating, a screw type solids feeder, overhead scrubber and recycle 
gas system via a compressor. 
respect to feed and product withdrawal but batch with respect to the 
fluidized solid. Operating conditions for an 
temperature effect on gas composition using a Huggies sample are shown in 
Table 4. 
relatively stable periods of reactor temperature. Some problems were 
encountered in achieving consistent feed rates in this task. 
results are shown in Table 5. 
reasonable and favorable for liquid fuels production. 

CONTINUOUS LIQUEFAcIlON STUDY, 

A 2 inch fluidized bed reactor was used for this study (continuous gas feed, 
electrical heaters, cooling coils, continuous product withdrawal via a 
condenser and trap, catalytic noncirculating fluidized solid). 
temperature, pressure and residence time were studied with regard to the 
responses of liquid product yields, bulk properties and yields. Gas feed was 
from cylinders based on the compositions achieved from the batch and 
continuous pyrolysis studies. A cobalt/alumina catalyst was used. Yields in 
the 20-30 galdton range were achieved in limited experimentation. These 
yields would be expected to improve substantially by implementing the 
following: (1) recycle of the off gas, (2) feed gas composition improvement, 
(3) catalyst improvement, and (4) liquefaction reactor optimization. 
quality information i s  provided in Table 6 as compared with commercial 

A fluidized 

Thus this phase was to be continuous with 

experiment to study 

The "steady state" conditions reported were determined by 

Gas composition 
The gas phase results are considered 

The factors 

Product 
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materials. 
competitive product without any additional refining steps. 

INTEGRATED SYSTEM DEMONSTRATION 

In general, this comparison indicates that the liquid fuel is a 

This task was performed in an existing integrated system (Figure 5 )  
consisting of a circulating solid fluidized bed gasification system followed by 
a fluidized bed catalytic liquefaction reactor. 
system for an extended period of time at fixed operating conditions as 
determined by the previous tasks in order to report commercially realistic 
mass and energy balances for economic and scale-up studies. Unfortunately, 
this effort was hampered by lack of availability of a suitable solids feeder 
within the budgeted performance period. The problem is considered to be 
readily solvable with proper effort. 
relatively stable period is shown in Figure 6. 

SUMMARY AND CONCLUSIONS 

The intent was to run the 

Gasification composition data for a 

The production of liquid hydrocarbon fuels from biologically contaminated 
disposable diapers is a technically viable concept.. Favorable synthesis gas 
compositions can be produced. High quality liquid hydrocarbon fuel 
products can be produced from the synthesis gas. Additional research and 
development work is required to establish reliable mass and energy 
balances before scale-up is considered. To accomplish this objective, a 
reliable solids feeder system needs to be designed and tested. 
considered to be a major obstacle. 
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INTRODUCTION 

Many areas o f  the Uni ted States are experiencing waste disposal problems stemming 
from both a shortage o f  l a n d f i l l  space and a p u b l i c  concern f o r  the environmental 
impacts and t h e  appearance o f  l a n d f i l l i n g .  
method o f  disposal, t h e  r i s i n g  cost  o f  l a n d f i l l i n g  i s  making energy from waste more 
economically f eas ib le .  I nc ine ra t i on ,  another popular waste disposal method, faces 
ever more s t r i ngen t  emissions regulat ions,  making i t  an inc reas ing l y  l ess  
a t t r a c t i v e  a l t e r n a t i v e  economically. 
technologies are making i t  poss ib le  f o r  waste ma te r ia l s  t o  be used as 
environmental ly acceptable sources o f  energy. 
might be used as a feedstock f o r  energy production, eboni te  and automotive shredder 
residue, are being i nves t i ga ted  a t  the Energy and Environmental Research Center a t  
the Un ive rs i t y  o f  Nor th  Dakota. 

Several t e s t s  have been conducted w i t h  ebonite i n  a thermogravimetric analyzer 
(TGA) and a 1 t o  4- lb /hr  continuous f lu id-bed reac to r  (CFBR) us ing KJO, and Paris 
limestone ca ta l ys ts .  Tests are scheduled f o r  the automotive shredder residue. 
Data f r o m  the t e s t s  i nc lude  carbon conversion, gas production, wastewater 
production, heavy metal analysis, and ch lo r i ne  analys is .  Analysis o f  the data 
includes d iscuss ion o f  the e f f e c t s  o f  the bene f i t s  o f  producing a f u e l  gas and the 
decrease i n  l a n d f i l l  volume, the  environmental impacts o f  heavy metal disposal from 
the ash produced i n  t h e  system, and the technological requirements f o r  gas cleanup. 

Although i t  i s  s t i l l  t h e  cheapest 

New g a s i f i c a t i o n  and p o l l u t i o n  con t ro l  

Two poss ib le  waste ma te r ia l s  which 

WASTE FEED MATERIAL 

Automotive shredder res idue i s  a waste product generated i n  the d ismant l ing o f  
automobiles. A f t e r  removal o f  the gas tank and ba t te ry ,  t h e  automobile i s  shredded 
t o  prov ide a ma te r ia l  approximately l ess  than 4 inches i n  s i z e  and composed o f  
approximately 50% organic and 50% inorganic  f rac t i ons .  Magnetic separation i s  then 
;sed t o  separate out  fer rous scrap. A i r  cyclone separators i s o l a t e  a low densi ty  

This f l u f f  
(shredder residue) i s  composed o f  a v a r i e t y  o f  p l a s t i c s ,  f ab r i cs ,  foams, glass, 
rubber, and an assortment o f  contaminants'. This waste product conta ins a wide 
v a r i e t y  o f  heavy metals and halogens, making i t  an exce l l en t  t e s t  mater ia l ,  as i t  
w i l l  present many o f  t he  common problems t o  be considered when us ing waste as a 
g a s i f i c a t i o n  feedstock. 
TGA and i n  the 1 t o  4 - l b /h r  CFBR t o  i nves t i ga te  i t s  g a s i f i c a t i o n  p o t e n t i a l .  

Ebonite, a hard rubber mater ia l  used p r i m a r i l y  i n  car  b a t t e r y  casings, was tested 
both i n  a TGA and i n  the  CFBR. Three t e s t s  i n  the TGA included one t e s t  a t  8OO0C, 
w i t h  potassium carbonate as a ca ta l ys t ,  and two t e s t s  a t  900°C. one o f  these w i th  
potassium carbonate and one w i t h  Par is  limestone. The t e s t s  i n  the 1 t o  4- lb /hr  
CFBR were a l l  c a r r i e d  out us ing potassium carbonate as a ca ta l ys t ,  s ince i t  
accelerated the  process t o  the greatest  degree. Table 1 shows the proximate and 
u l t imate analyses o f  t he  ebonite. 

f l u f f "  from the  nonferrous f r a c t i o n  (aluminum, copper, etc.).  

Tests on automotive shredder res idue are scheduled i n  the 
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EBONITE T6A GASIFICATION TESTS 

Tests were conducted in the thermogravimetric analysis (TGA) instrument to 
determine test matrix conditions for further experiments to be run in the 1 to 4- 
lb/hr bench-scale unit. 
investigated at temperatures of 800" and 900°C (Figure 1-4). 

In all tests, the reactant mixtures containing -60-mesh ebonite were heated to the 
desired reaction temperature and held at temperature until approximately half of 
the fixed carbon in the sample had been converted to gas, at which point the 
reaction was terminated by cutting off the steam and heat supply. 
ebonite was used due to the difficulty in obtaining samples of reproducible size 
distribution from the bulk samples. The t60-mesh-size fraction had the same TGA 
proximate analysis as the -60-mesh fraction, implying the difference (if any) in 
their reactivities would likely not be chemical, but due to a difference in surface 
area. 

To determine the point at which half of the fixed carbon had been converted, TGA 
proximate analyses were carried out on each sample prior to the reactivity tests. 
These analyses (Table 2) showed that volatiles are removed from the reactant 
mixtures, and the remaining material consists of about 63% fixed carbon and 37% ash 
for ebonite with catalyst and about 76% fixed carbon and 23% ash for ebonite 
without catalyst. 

The TGA graphs start at time = 0. This point marks the beginning of the heat-up 
period. Weight loss during the heat-up period (as measured by a decreasing weight 
percent value) is due to moisture loss and devolatilization. When the reaction 
temperature i s  achieved (at which point devolatilization is essentially complete), 
the weight percent value is manually reset to a y-value of loo%, and steam is 
added. When 50% of the fixed carbon is converted, heat i s  turned off and the steam 
flow terminated. The point at which 50% of the fixed carbon is converted is 
determined by examination of proximate analysis data. 
test was terminated when about half of each devolatilized sample had been converted 
to gas: 
of the sample in the case with no catalyst. After the termination of heat and 
steam, the conversion line still continued until the instrument was turned off, 
since some residual steam was still present, but it was not linear. 

The catalysts investigated were Paris limestone (calcium carbonate) and potassium 
carbonate. 
weight percent-added catalyst. The ebonite/l imestone test was performed at 900"C, 
and ebonite/potassium carbonate tests were performed at 800" and 900°C. The TGA 
data indicated that Paris limestone had a minor effect on the reactivity of the 
ebonite at 9Oo'C (Figure 2), compared with the reactivity of ebonite without 
catalyst at the same temperature (Figure 1). Potassium carbonate, however, 
significantly affected reactivity. Conversion at 800°C (Figure 3) and at 900°C 
(Figure 4) with a potassium carbonate catalyst occurred quite rapidly. The 
residence time required for complete conversion at 800°C is 5.5 minutes and at 900°C 
is 2 minutes, whereas conversion time at 900°C is 18 minutes. Residence times for 
50% and 100% conversion were found graphically. The point for 100% conversion was 
found by extrapolating the linear portion of the conversion line. 
appears to be zeroth order with respect to carbon. As conversion approaches 100%. 
the reaction is no longer strictly zeroth order because unreactable material (ash) 
limits access to carbon, but the order goes up only to approximately 0.2, 
introducing a very small error into the calculated time for total conversion. 

EBONITE CFBR GASIFICATION TESTS 

Bench-scale testing was performed in a 1 to 4-lb/hr fluid-bed reactor system, shown 
in Figure 5. 

Ebonite reactivity with steam and two catalysts were 

A -60-mesh 

All tests were performed under flowing argon gas. 

As stated, each reactivity 

31.5 weight percent of the sample in the case with catalyst and 38.1 wt% 

All catalyst tests were performed using mixtures of ebonite and 10 

' 

The reaction 

Preheated gas and steam are introduced into the bottom of a 3-inch- 
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diameter reactor .  
feed system, i s  made o f  3- inch p ipe  and i s  33 inches i n  length.  The freeboard 
sect ion i s  made o f  4-inch pipe, 18.75 inches i n  length.  Sol ids remain i n  the bed 
u n t i l ,  through weight l oss  from g a s i f i c a t i o n ,  they reach the top o f  t he  3-inch 
sect ion and f a l l  ou t  through the top bed d r a i n  leg,  where they are c o l l e c t e d  i n  an 
accumulation vessel. Unreacted f i n e s  and some ash p a r t i c l e s  are ent ra ined and 
separated from the  gas stream by a 3-inch cyclone. 
two p a r a l l e l  i n d i r e c t  cooled condensation t ra ins .  Gas i s  then metered and sampled 
by an on- l ine mass spectrometer. 

The pa r t i c l e -s i ze  d i s t r i b u t i o n  o f  the ebonite was determined by s ieve analys is ;  t h e  
r e s u l t s  o f  which are shown i n  Table 3. Cold f l ow  f l u i d i z a t i o n  t e s t s  i nd i ca ted  a 
we l l - f l u id i zed  bed a t  0.6 t o  0.8 f t / s .  

Carbon conversion f o r  t he  eboni te  was found t o  be approximately 90% a t  9OO"C, with 
most o f  the unreacted eboni te  found i n  the condensation t r a i n ,  i n d i c a t i n g  t h a t  
f i n e s  blew out  o f  the bed before having s u f f i c i e n t  residence t ime f o r  complete 
conversion. A narrower p a r t i c l e  s i ze  f o r  the feed, a lower f l u i d i z a t i o n  ve loc i t y ,  
o r  a l a rge r  diameter freeboard sec t i on  would most l i k e l y  r a i s e  t h i s  conversion by 
reducing f i n e s  entrainment. A l te rna t i ve l y ,  a reactor/cyclone recyc le system tha t  
i s  designed f o r  t h i s  p a r t i c u l a r  feedstock would a l so  produce h igher  conversions. 
Comparing the amount o f  mater ia l  i n  the  bed w i t h  the  feed r a t e  i nd i ca tes  t h a t  the 
residence t ime f o r  t h e  t e s t  was l e s s  than 1 hour. 
dependent on temperature and heat-up ra te .  Ebonite agglomerates a t  temperatures 
below about 800°C. I f  the reac to r  i s  not  above 850°C and a t  a h igh heat-up ra te ,  
the ebonite w i l l  agglomerate, and the reac t i on  r a t e  and o v e r a l l  conversion are 
g r e a t l y  reduced. 

Gas produced from g a s i f i c a t i o n  and from water-gas s h i f t  react ions i s  between 220 t o  
280 l b s  per 100 l b s  o f  MAF eboni te  feed mater ia l .  
product gas i s  shown i n  Table 4. Gas produced has a Btu content o f  approximately 
260 Btu/scf. 

Water conversion was found t o  be 1.5-2.0 mole water/mole f i x e d  carbon based on 
mater ia l  balance data. Trace-element analys is  showed considerable l o s s  o f  l ead  
from the ebonite, go ing from 660 ppm i n  the feed t o  257 ppm i n  the product char. 
Antimony a l so  decreased considerably, s t a r t i n g  o f f  a t  696 ppm and ending up a t  129 
ppm. 

ENVIRONMENTAL IMPACTS OF GASIFYING HASTE MATERIAL 

The lower sect ion o f  the reactor ,  which i s  attached t o  the coal 

L iqu ids  are condensed i n  one o f  

The residence t ime i s  extremely 

Average composition o f  the 

This number does n o t  inc lude n i t rogen  used i n  f l u i d i z a t i o n .  

Chlor ine content  went from 160 ppm t o  149 ppm. 

Gasi f icat ion of ebon i te  o f f e r s  n o t  on ly  the  b e n e f i t  o f  energy production, but also 
decreases waste volume t h a t  needs t o  be l a n d f i l l e d .  Densi ty  o f  t he  feed mater ia l  
(ebonite) i s  approximately 0.73 g/mL. Densi ty  o f  the reacted mater ia l  ( t op  bed 
d ra in )  i s  approximately 0.56 g/mL. On an as-received basis, 12.8 ft' out  o f  100 
ft' fed w i l l  be l e f t  over  f o r  l a n d f i l l  (assuming the  90% conversion). I f  100% 
conversion i s  achieved, 14.5 grams per 100 grams o f  feed w i l l  be l e f t  over t o  
l a n d f i l l ,  r e s u l t i n g  i n  a volume decrease o f  87%. 

Wastewater from the process may conta in  some heavy metals, i nc lud ing  l ead  and 
antimony. Acid leaching the ebonite p r i o r  t o  g a s i f i c a t i o n  would be des i rab le  t o  
e l im ina te  as much of t h e  heavy metals as poss ib le  i n  downstream operations. 
Add i t i ona l l y ,  l e a c h a b i l i t y  s tud ies w i l l  need t o  be conducted on t h e  unconverted 
ma te r ia l .  Gas cleanup problems w i l l  inc lude the need t o  e l im ina te  s u l f u r -  and 
ch lor ine-conta in ing compounds such as H,S and H C l  from the gas stream, as we l l  as 
t r a c e  metals t h a t  may vapor ize and recondense as pa r t i cu la tes .  The eboni te  feed 
mater ia l  i s  f a i r l y  h i g h  i n  s u l f u r ,  having an as-received s u l f u r  content  o f  3.9%. 
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FUTURE TESTS 

Further tests are planned to determine: 

the yield structure for automotive shredder residue and to verify he yic 
structure for ebonite 
optimal fluidization velocity 
carbon conversion with reduced fluidization velocity 
the effect of steam to carbon ratio 
the effect of increased pressure on gas yields 
the fate of vaporized heavy metals 
methods of ash stabilization 
the feasibility hot-gas cleanup 
leachability properties of unreacted material 

Two o f  the kev reactor desion oarameters that need further investiaation include 

d 

the fluidizatyon velocity atid the steam to carbon ratio. 
be increased if the fines could be kept in the reactor. 
coupled with the reactor pressure could change the output of carbon monoxide and 
hydrogen produced in the system. 
condense in the condensate train, which will cause scaling over a long period of 
time, or possibly recondense as particulates in the gas stream. 
will be needed on where these metals condense in order to determine the best way to 
deal with them. 

SUMMARY 

The future of waste disposal appears to be moving away from landfilling and 
incineration and toward recycling and using waste materials as a source of energy. 
New technology in pollution control and in energy generation techniques, such as 
gasification, make energy production from waste materials an environmentally 
acceptable alternative. 
indicates that a high Btu gas can be produced in a reasonable residence time. 
work remains to be done to optimize operating conditions and to determine how to 
deal best with heavy metals and chlorine and sulfur compounds. 

Carbon conversion could 
The steam to carbon ratio 

The heavy metals that are vaporized will either 

More information 

Testing on ebonite, a hard rubber waste material, 
Some 
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TABLE 1 

EBONITE ANALYSIS 
As Det. As-Received - MF !qg 

Proximate 
Moisture 
V o l a t i l e  Mat ter  
Fixed Carbon 
Ash 

Hydrogen 
Carbon 
Nitrogen 
Su l fu r  

Ultimate 

1.98 
37.1 
46.45 
14.46 

2.00 
37.1 
46.43 
14.46 

N/A 
44.4 

N/A 
37.85 
47.39 55.59 
14.73 WA 

4.82 4.82 4.69 5.5 
70.34 70.34 71.76 84.18 

1.12 1.12 1.14 1.34 
3.91 3.91 3.99 4.68 

Oxygen 5.34 5.34 3.65 4.28 
Ash 14.46 14.46 14.76 N/A 

TABLE 2 

PROXIMATE ANALYSES OF EBONITE/CATALYST MIXTURES 
Ebonite/lO% CaCO, Ebonite/ lO% K,CO, 

Moisture 1.70 2.76 
V o l a t i l e  Mat ter  36.53 36.97 
Fixed Carbon 39.77 37.64 
Ash 22.00 22.66 

TABLE 3 

EBONITE PART1 CLE-S I ZE DISTRIBUTION 
T v l e r  Mesh Size Weiaht Percent Retained 

TABLE 4 

GAS ANALYSIS' 
HZ 50.1 

C O Z  28.8 

4.5 CCHd 15.0 

H2S 0.9 

' Without n i t rogen f l u i d i z i n g  gas. 
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ABSTRACT 

Methods for disposal of MSW that reduce the potential for groundwater or  air 
Seventy percent of MSW consists pollution will be essential in the near future. 

of paper, food waste, yard waste, wood and textiles. These lignocellulosic 
components may be hydrolyzed to sugars with mineral acids and the sugars may be 
subsequently fermented to ethanol or other industrial chemicals. This paper 
presents data on the hydrolysis of the lignocellulosic fraction of MSW with 
concentrated HC1 and the fermentation of the sugars to ethanol. Yields, 
kinetics and rates are presented and discussed. Design and economic projections 
for a commercial facility to produce 20 MM gallons of ethanol per year are 
developed. Novel concepts to enhance the economics are discussed. 

INTRODUCTION 

The United States generates about 200 million tons of MSW annually, o r  about 
4 pounds per capita per day (US EPA, 1981). The average composition of MSW is 
given in Table 1. and varies slightly with the season (Ng. d., 1983). This 
material has traditionally been disposed of in landfills. However, recent 
environmental concerns over groundwater pollution, leaching into waterways, and 
even air pollution, as well as increasing costs, have resulted in this 
technology becoming unacceptable in most areas. Few new landfills are being 
approved and the average remaining life of operating landfills is only about 
five years. 

Alternatives to landfilling include incineration, composting. anaerobic 
digestion, and recycling. Incineration can result in energy recovery as steam. 
However, concerns over hazardous components in exhaust gases and high capital 
and operating costs detract from this alternative. Large areas required for 
composting and the ultimate use or  disposal of compost with high metals content 
makes this technology uncertain. Very slow reaction rates and large reactors 
for anaerobic digestion makes this technology uneconomical at present. 

Recycling of glass, metals, plastics, and paper reduces the quantity of 
material to be landfilled by about 60 percent, as seen from Table 1. Most 
states have decided that recycling offers the best solution to the environmental 
concerns associated with solid waste disposal and many have implemented 
regulations for curbside segregation of recyclable components. 
recycled aluminum and steel are well established, however, markets for recycled 
paper, glass, and plastics are not well developed. Low prices (negative in some 
areas for paper) will impede the application of recycling. 

Alcohol Production 

Markets for 

The United States currently imports about half of its crude oil and must 
produce another 120 billion gallons of liquid fuels annually to become energy 
self sufficient. Ethanol can be produced from lignocellulosic matter, like 
paper, by hydrolysis of the polysaccharides to sugars, which can be fermented 
into ethanol. This technology would enable the use of the entire carbohydrate 
fraction of MSW (paper, yard and food waste, wood and textiles), which consti- 
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tutes 75 percent of the total, into a useful and valuable product. Ethanol can 
be blended with gasoline and, currently, nearly one billion gallons of ethanol, 
primarily made from corn, are used as a transportation fuel in this country. The 
potential market (at 10 percent alcohol) is 10 billion gallons per year. Blend- 
ing of ethanol with gasoline reduces emiss'ions and increases the octane rating. 
Some states, like California and Colorado where air quality has degraded 
seriously in metropolitan areas, are mandating the use of alcohol fuels. 

The purpose of this paper is to describe a process for converting the 
lignocellulosic fraction of MSW into ethanol. The residue is contacted with 
concentrated mineral acid at room temperature to give theoretical yields of 
monomeric sugars, which are readily fermented into ethanol. Procedures to give 
high sugar concentrations are described. Data for fermentation in immobilized 
cell columns in a few minutes are presented. The economics of this process is 
then developed and key economic parameters identified. 

HYDROLYSIS/ETHANOL PRODUCTION 

The hydrolysis of biomass to sugars and fermentation of glucose to ethanol 
are technologies that have been commercial around the world for many years. 
U. S .  produced up to 600 million gallons of ethanol per year by fermentation 
during World War 11. Also, the Germans produced fuel ethanol from wood by 
hydrolysis and fermentation during World War 11. 
its liquid fuel from sugar cane. 

Hvdrolvsis Technolovy 

The 

Today, Brazil produces most of 

Biomass materials are comprised of three major components: hemicellulose, 
cellulose, and lignin. The composition of various biomass materials is shown in 
Table 2. A s  noted, most of these materials contain 50-70 percent carbohydrate 
(hemicellulose and cellulose). These polysaccharides can be hydrolyzed to 
monomeric sugars, which can be converted by microorganisms into fuels or 
chemicals. 
can be used as a source of fuel. From Table 2, it is noted that most of the MSW 
biomass is cellulose. 

The lignin cannot be hydrolyzed, but has a high heating value and 

The carbohydrate hydrolysis can be carried out by contact with cellulase or 
Enzymatic hydrolysis has xylanase enzymes, or by treatment with mineral acids. 

the advantage of operating at mild conditions and producing a high-quality sugar 
product. However, the enzymatic reactions are quite slow (30 hour retention 
time), and the biomass must be pretreated with caustic or acid to improve the 
yields and kinetics. The expense of pretreatment and enzyme production, and the 
large reactors required make this an uneconomical alternative. 

Acid hydrolysis is a much more rapid reaction and various combinations of 
temperature and acid concentration may be used. 
have been studied and developed: a high temperature, dilute acid process 
(Grethlien and Converse, 1982; Rugg, 1982) and a low temperature, concentrated 
acid process (Clausen and Gaddy. 1983; 1985). For example, complete conversion 
of the hemicellulose and cellulose in corn stover into monomeric sugars requires 
mineral acid concentrations of 2N at temperatures of 100-200°C (Clausen and 
Gaddy, 1982). However, acid concentrations of 10-14N yield complete conversions 
at room temperature (3OOC). 

Two methods of acid hydrolysis 

At high temperatures, xylose degrades to furfural and glucose degrades to 5- 
hydroxymethyl furfural (HMF), which are both toxic to micro-organisms. Yields 
from dilute acid processes are typically only 5 0 - 6 0  percent of theoretical 
because of sugar losses by degradation and reverse polymerization at high 
temperatures. Also, equipment corrosion at high temperatures is a serious 
problem. Work in our laboratories has focused attention on concentrated acid 

1635 



processes which produce t h e o r e t i c a l  y i e lds  a t  low temperatures .  However, s ince 
high ac id  concen t r a t ions  a r e  used, ac id  recovery is  an economic necess i ty  
(Clausen and Gaddy, 1983) .  

Studies  i n  our  l a b o r a t o r i e s  have r e su l t ed  i n  both s i n g l e  s t e p  and two-step 
hydrolysis  p rocesses ,  u s ing  concentrated mineral a c i d s ,  which r e s u l t  i n  nea r ly  
100 percent y i e l d s  of suga r s  from hemicellulose and c e l l u l o s e .  The r eac t ions  
a re  conducted a t  room temperature ,  without s i g n i f i c a n t  degradat ion o r  reverse  
polymerization ( P r i e t o ,  & d., 1988a; Clausen and Gaddy, 1985). An a c i d  
recovery process  has  been developed and t e s t e d ,  y i e l d i n g  an energy e f f i c i e n t  
method of sepa ra t ing  suga r  and a c i d  (Clausen and Gaddy, 1987). The r e s u l t i n g  
sugar so lu t ion  has  been success fu l ly  fermented t o  e thanol  and o t h e r  chemicals 
without pretreatment  ( P r i e t o ,  & d., 1988b). 

Process Descr iut ion.  Figure 1 shows the proposed process  f o r  the ac id  
hydrolysis  of MSW, c o n s i s t i n g  simply of a mixed r eac to r  where a c i d  and MSW a r e  
contacted a t  a cons t an t  temperature. The unconverted s o l i d s  ( l i g n i n  and ash) 
a re  separated by f i l t r a t i o n ,  washed, and used a s  f u e l .  Acid and sugars  a r e  
separated and t h e  a c i d  r e tu rned  t o  the r e a c t o r .  

If d e s i r a b l e  t o  s e p a r a t e  the suga r s ,  the hemicel lulose,  which degrades a t  
milder cond i t ions ,  may be  f i r s t  hydrolyzed t o  produce a mixture of f i v e  and s i x  
carbon suga r s .  The s o l i d s  from t h i s  f i r s t  s t age  r eac to r  a r e  separated and 
contacted with a c i d  i n  a second s t e p  t o  hydrolyze the c e l l u l o s e .  Only s i x  
carbon sugars  a r e  obtained from c e l l u l o s e  i n  t h i s  second s t a g e .  This two s t e p  
hydrolysis  g ives  two s t r eams ;  a xylose r i c h  prehydrolyzate  and a glucose r i ch  
hydrolyzate; and may be used where sugar s epa ra t ion  i s  d e s i r a b l e .  I n  the usual 
c a s e ,  a s  with MSW, the s impler  s i n g l e  s t e p  process  w i l l  be p re fe r r ed .  

Hvdrolvsis Condi t ions.  The two major f a c t o r s  which con t ro l  t h e  hydrolysis  
react ions a r e  temperature and a c i d  concentrat ion.  S tud ie s  i n  our l abora to r i e s  
have been made t o  d e f i n e  the appropr i a t e  condi t ions t o  maximize r eac t ion  r a t e s  
and y i e lds .  Sugar degradat ion is promoted more a t  high temperature than a t  high 
ac id  concentrat ion.  Also, f a s t  r a t e s  o f  hydrolysis  a r e  achieved a t  ac id  concen- 
t r a t i o n s  exceeding 12N. Therefore ,  the bes t  condi t ions a r e  a high ac id  concen- 
t r a t i o n  (80 percent  H2SO4 o r  41 percent  HC1) and a mild temperature (-4O'C). 

The sugar  concen t r a t ions  and y i e l d s  from a t y p i c a l  hydro lys i s  of MSW from 
our l abora to r i e s  a r e  given i n  Table 3 (Clausen and Gaddy, 1985). The 
prehydrolysis  s t e p  y i e l d s  8 percent  of the i n i t i a l  MSW a s  xylose.  
y i e l d  of glucose is 60 pe rcen t .  
conversion of  hemicel lulose and c e l l u l o s e  t o  sugars .  
percent)  sugar s o l u t i o n s  r e s u l t  from these r eac t ions .  

Hvdrolvzate Fermentation/Ethanol Production. 

The combined 

However, ve ry  d i l u t e  ( 3 - 7  
These y i e l d s  represent  nea r ly  complete 

Glucose may be fermented t o  e thanol  e f f i c i e n t l y  by t h e  y e a s t  Saccharomvces 
ce rev i s i ae ,  or t he  bacter ium Zvmomonas mobil is  (Waldron d., 1988). Batch 
fermentation experiments were c a r r i e d  ou t  t o  compare the  product ion r a t e s  of 
ethanol from hdyrolyzates  and syn the t i c  glucose.  
24860) w a s  used i n  the  s tudy .  I d e n t i c a l  r e s u l t s  were found when fermenting 
syn the t i c  glucose a n d h y d r o l y z a t e .  
A s  noted i n  Table 4, t h e  fermentat ion proceeded wel l  i n  t he  presence of a small 
amount ( 0 . 2 5  percent)  y e a s t  e x t r a c t ,  which can be obtained by r ecyc le .  
t o t a l  conversion of suga r s  is obtained i n  only 16 hours. The concentrat ions of 
fu r fu ra l  and HMF i n  t h e  hydrolyzates  were found t o  be n e g l i g i b l e .  
l e v e l s  o f  by-products  a r e  be l i eved  t o  be the  major reason f o r  t h i s  h igh ly  
e f f i c i e n t  fermentat ion.  

Saccharomvces c e r e v i s i a e  (ATCC 

Ethanol y i e l d s  were also nea r ly  i d e n t i c a l .  

A l m o s t  

These low 

Xylose fermentat ion i s  much more d i f f i c u l t  and the  xylose might be used a s  a 
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source of energy for generating steam and power. 
for xylose fermentation will improve the economics. Recent work with Pachvsolen 
tannouhilus shows promise for xylose conversion to ethanol (Schneider d., 
1981) but, at present, this technology is not fully developed. Ethanol may also 
be produced by converting xylose to xylulose. followed by fermentation with 
yeast (Gong, et a., 1981). 

However, future possibilities 

Continuous Fermentation. The standard technology for,fermenting sugars to 
ethanol is in batch vessels. Batch fermentation is used so that contamination 
and mutation can be controlled. Sterilization between batches and the use of a 
fresh inoculum insure efficient fermentation. However, most batch alcohol 
fermentations are designed for thirty hour (or more) reaction time, which 
results in very large and expensive reactors. 

The reactor size can be reduced substantially by using continuous flow 
fermenters. When fermenting acid hydrolyzates. the problems with maintaining 
sterile conditions are substantially reduced, since the substrate has been 
sterilized by contact with the acid. Therefore, the use of continuous 
fermentation is a natural application for producing alcohol from MSW 
hydrolyzates. 

A number of continuous fermentation schemes have been studied, including the 
CSTR (Cysewski and Wilke, 1978), cell recycle reactor (Elias, 1979), flash 
fermentation (Cysewski and Wilke, 1977), and immobilized cell reactors (Sitton 
and Gaddy, 1980; Vega g& A,. 1988). Immobilized cell reactors (ICR) show 
potential in substantially decreasing reactor size and decreasing substrate and 
product inhibition (Vega et d., 1988; Gainer a., 1981; Linko. 1981; Rowe 
and Margaritis, 1981). Reaction rates for ethanol production in an immobilized 
cell reactor are as high as 10 times the values obtained in a stirred tank 
reactor (Sitton and Gaddy, 1980). A wide variety of immobilization techniques 
have been employed, including cross-linking, entrapment, and covalent bonding 
(Vega g& d., 1988). 

Data are given in Figure 2 for laboratory columns with immobilized 
cerevisiae. The glucose profiles are given for initial sugar concentrations 
from 50-200 g/L. As noted, 90 percent conversion is achieved in one hour or 
less. Productivities to achieve 99 percent conversion were about 40 g/L-hr, or 
about an order of magnitude greater than the CSTR and 60 times more than the 
batch reactor. Furthermore, alcohol inhibition and toxicity to other inhibitors 
are reduced in the ICR. The reactor volume of the ICR for MSW hydrolyzate 
fermentation is about 5 percent that of the batch fermenter and substantial 
capital savings result. 

Increasine the Sunar Concentration 

Perhaps the single most important factor in the economics of this process is 
the sugar concentration that results from acid hydrolysis. Dilute concentra- 
tions increase both the equipment size and the energy required for purification. 
Methods to increase the sugar and ethanol concentrations have been developed. 

Solids Concentration. The ultimate sugar and alcohol concentrations are 
Since direct functions of the initial solids concentration in the hydrolysis. 

fluidity in a stirred reactor is a requirement, a 10 percent mixture has been 
considered maximum. Therefore, the resultant sugar concentrations have been 
only 2-7 percent and alcohol concentrations only half as much. 

If the limiting factor is considered to be fluidity in the reactor instead 
of the feed mixture, the feed concentration could be increased by roughly the 
reciprocal of one minus the solids conversion in the reactor. Of course, solids 
and liquid would have to be fed separately, which could also save equipment 
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cost. 
be reduced to one-fourth the size with a ten percent feed concentration. 
Attendant reductions would also result in the filtration and washing units. 

For biomass,, containing 75 percent carbohydrate, the reactor size could 

Equally important are the resultant increases in sugar concentrations. The 
glucose concentration would be quadrupled to about 280 g/L (28 percent). 
and equipment costs in the fermentation area would be reduced proportionately. 
This simple alteration in the process has a profound impact on the economics. 
It is estimated that the capital cost is reduced by 40 percent in the hydrolysis 
and acid recovery sections and 60 percent in the fermentation and utilities 
areas, Furthermore, the energy requirements for distillation are reduced by 60 
percent. 

Energy 

Acid Recycle. Another method to increase the sugar concentration is to 
recycle a portion of the filtrate (acid and sugar solution) in the hydrolysis 
step. The acid would catalyze further polysaccharide hydrolysis to increase the 
sugar concentration. Of course, recycle of the sugars would also increase the 
possible degradation to furfural and HMF. 

Experiments have been conducted to determine the enhancement possible with 
acid recycle. Various amounts of the acid and sugar solution from the filtra- 
tion were recycled to determine the resulting sugar and by-product concentra- 
tions. Acid and solids concentrations and temperatures were kept constant. 
These experiments have shown that the sugar concentrations can be increased 
sixfold at total recycle. It should be noted that not all the filtrate can be 
recycled, since a portion adheres to the solids in filtration. In order to 
minimize sugar decomposition, a recycle fraction of 50 percent has been used, 
which results in doubling the sugar composition, without significant furfural or 
HMF levels. 

The effect of acid recycle on the economics is significant. A recycle rate 
of 50 percent, coupled with high solids concentrations, would result in a xylose 
concentration of 15 percent and a glucose concentration of over 50 percent could 
be achieved. Practically, sugar concentrations should not exceed 25 percent, so 
a smaller recycle fraction is required., It should be noted that these concen- 
trations have been achieved in the laboratory, while maintaining furfural and 
HMF less than 0.05 percent. These high concentrations reduce the equipment size 
in the acid recovery section by 50 percent and in the fermentation section by 
another 60 percent. Energy consumption is also reduced another 60 percent. 

Acid Recovery. Acid recovery is essential when using concentrated acid 
hydrolysis. 
been developed. 
electrodialysis, distillation, etc. 

Processes for recovery of both hydrochloric and sulfuric acids have 
A number of possible recovery schemes were examined, including 

The recovery technology that has been selected is based upon solvent 
extraction. 
aqueous sugar solutions. Near complete acid recovery is possible and solvent 
losses are minimized. 
distillation, and the solvent recycled. A hexane wash of the sugar solution is 
used to recover trace quantities of solvent, and hexane is separated by 
distillation for recycle. 

Solvents have been identified that extract HC1 and H2SO4 from the 

For HC1, the acid is separated from the solvent by 

Some solvent is lost in the process; however, the losses are quite small and 
Acid losses are solvent replacement costs are only $0.02 per gallon of alcohol. 

minimized and acid costs are $0,025 per gallon of alcohol. 
requirement for solvent and acid recovery is low and amounts to less than $0.05 
per gallon of alcohol. 
the lignin and xylose streams. 

The total heat 

As shown later, the energy cost may be recovered from 
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ECONOMIC PROJECTIONS 

To illustrate the economics of this process, a design has been performed for 
a facility to convert MSW into 20 million gallons per year of ethanol, utilizing 
the acid hydrolysis procedures previously described. 
Costs are summarized in Table 5. 

The capital and operating 

MSW would be collected and delivered to the plant site as needed. Feedstock 
preparation consists of plastic, metal and glass removal, shredding, grinding 
and conveying to the reactors. The cost of the removal of glass and metals is 
not included in the feed processing cost, as reports indicate that resale of 
these materials will offset the capital and operating costs of separation. The 
hydrolysis section, as shown in Figure 1, consists of continuous reactors. Acid 
resistant materials of construction are necessary for this equipment. Ethanol 
fermentation in the ICR and typical distillation units are included. The total 
capital cost for this plant is $35 million, including all utilities, storage and 
offsites. 

The annual operating costs are also shown in Table 5. These costs are also 
given on the basis of unit production of alcohol. As mentioned previously, no 
cost is included for MSW. A lignin boiler is used to reduce the energy 
requirements, and energy costs are only $0.08 per gallon. Fixed charges are 
computed as a percentage of the capital investment and total $5.6 million per 
year. The present ethanol price of $1.50 per gallon will yield a pre-tax profit 
of $18.5 per year ($.93/gal) or 53 percent per year. 

It should be noted that this process does not include utilization of the 
pentose stream. Acid recovery is included, but fermentation of the xylose is 
not provided. Xylose could be fermented to alcohol, acids or other valuable 
chemicals, which would improve the economics. However, since this technology is 
not perfected, such products have not been included. 

Sensitivity analyses show that the economics are particularly sensitive to 
capital cost and revenue. A 20 percent reduction in capital cost raises the 
pre-tax return to 70 percent. Similarly, a 20 percent increase in the ethanol 
price increases the return to 70 percent. A tipping fee of $20 per ton of MSW 
would increase the return to 65 percent. Increasing the plant size would have a 
similar positive affect on the economics. 

CONCLUSIONS 

Concentrated acid hydrolysis of residues, such as MSW. requires mild 
temperatures and results in near theoretical yields. The resulting 
hydrolyzates, containing primarily xylose and glucose, can be fermented to 
ethanol or other chemicals. The acid can be recovered for reuse by solvent 
extraction. The sugar concentration can be increased by using high solids 
reactions with acid recycle. Continuous fermentation of the hydrolyzates can be 
achieved in an hour or less in an immobilized cell column. The capital cost for 
a process to produce 20 million gallons of ethanol is estimated to be $35 
million. 
commercialization. 

The pre-tax profit from this facility is sufficient to encourage 
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Table 1. Municipal Solid Waste Composition 
(Weight Percent as Discarded) 

Category 

Paper 
Yard Waste 
Food Waste 
Glass 
Metal 
Wood 
Textiles 
Leather & Rubber 
Plastics 
Miscellaneous 

-- Summer Fall 

31.0 38.9 
27.1 6.2 
17.1 22.7 
7.5 9.6 
7.0 9.1 
2.6 3.4 
1.8 2.5 
1.1 1.4 
1.1 1.2 
3.1 4.0 

Winte+ 

42.2 
0.4 
24.1 
10.2 
9.7 
3.6 
2.7 
1.5 
1.4 
4.2 

SDrina 

36.5 
14.4 
20.8 
8.8 
8.2 
3.1 
2.2 
1.2 
1.1 
3.7 

Averaee 

37.4 
13.9 
20.0 
9.8 
8.4 
3.1 
2.2 
1.2 
1.4 
3.4 

Table 2. The Composition of Selected Biomass Materials 

Percent Dry Weight of Material 
Material Hemicellulose Cellulose Lianin 

Tanbark Oak 19.6 44.8 24.8 
Corn Stover 28.1 36.5 10.4 
Red Clover Hay 20.6 36.7 15.1 
Bagasse 20.4 41.3 14.9 
Oat Hulls 20.5 33.7 13.5 

Processed MSW 25.0 47.0 12.0 
Newspaper 16.0 61.0 21.0 

Table 3. MSW Acid Hydrolyzates 

Prehydrolyzate 
Xylose 
Glucose 

Hydrolyzate 
Xylose 
Glucose 

Xylose 
Glucose 

Combined 

Concentration Yield 
a / L  e/1004 

9.5 8.0 
18.5 16.0 

0 .0  0 .0  
67.8 44.0 

8.0 
60.0 

1 
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Table 4. Hydrolyzate Fermentation to Ethanol 
Percent Sugar Utilization 

Hvdrolvzate 
Fermentation With Vitamins and With 

Time Amino Amino Acids Yeast 
(hrs) Acids m4(po41 and NHa(PO41 Extract 
16 15.9 21.9 27.3 97.5 

23  19.3 24.9 35.8 97.5 

Table 5. Economics of 20 Million Gallon Per Year 
Ethanol Facility 

Capital Cost 

Feedstock Preparation 
Hydrolysis 
Acid Recovery 
Fermentation 6, Purification 
Utilities/Offsites 
Engineering 

Operating Cost 
Million $/vr 

MSW 
Utilities 1.5 
Chemicals 1.9 
Labor 2 . 5  
Fixed Charges 

Maintenance (4%) 1.4 
Depreciation (10%) 3.5 
Taxes h Insurance (2%) 0.7 
Pre-tax Profit (53%) 18.5 

$30.0 

Million $ 

3.0 
5.0 
8.5 
8.0 
6.5 

4.0 
35.0 

S/eal 

0.08 
0.09 
0.13 

0.07 
0.18 
0.02 
0.93 
$1.50/gal 
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CLEAN ENERGY FROM MUNICIPAL WASTE 

" The environmental advantages o f  t he  con t ro l l ed  
combustion o f  municipal wastes as sources o f  energy". 

Francis J. Cashin, D Eng. PE 
A l f r e d  J. Angiola, PE 
Cashin Associates, PC 

255 Executive Dr i ve  
Plainview, NY 11803-1707 

Keywords: 

ABSTRACT 

THERM (100,000 BTU's); TPD (Tons o f  Refuse per Day); SSRDF (Source- 
Separated Refuse Derived Fuel s) 

This paper reviews the  i nc ine ra to r  technology commonly employed i n  l a rge  
m u n i c i p a l i t i e s  p r i o r  t o  1970 ( the  i n t roduc t i on  o f  EPA regulat ion;  and, more 
s p e c i f i c a l l y  t he  Clean A i r  Act o f  1971); then, r e v i s i t s  the same technology as 
i t  could be app l i ed  i n  the  199O's, but w i t h  ... an environmental ly aware pub l i c ,  
a vas t l y  mod i f i ed  waste stream, the e f f e c t s  o f  recyc l ing,  con t ro l l ed  c o l l e c t i o n  
procedures, and the  l a t e s t  technology (being developed and/or imported from 
Europe). 

I n  so doing, the review addresses: s o l i d  waste i n c i n e r a t i o n  p r i o r  t o  regu la t i on  
(pre-1970); the experiences i n  in t roducing regu la t i on  (1970-1990); and, the 
s i g n i f i c a n t  environmental advantages i n  apply ing the l a t e s t  knowledge, 
methodology, and technology t o  the  reduct ion o f  municipal wastes by combustion, 
producing energies w i t h  a minimum adverse impact on the environment. 

The d e l i c a t e  balances among the exposures ( a i r ,  groundwater, l and  misuse), 
f ac to rs  no t  p roper l y  addressed i n  the e a r l y  stages o f  environmental con t ro l  
implementation are analyzed; and, scenarios are developed showing the  o v e r a l l  
environmental advantages when a po r t i on  o f  (up t o  10-15%) s o l i d  waste as a f u e l ,  
replaces f o s s i l  f u e l s  as a bas ic  source. 

PRECIS 

The accumulation o f  s o l i d  wastes and the d isposal  o f  same had evolved i n t o  f a i r l y  
we l l  estab l ished procedures by the 1960's. I n  most o f  the h i g h l y  developed 
countr ies o f  t he  wor ld  (Western Europe, Nor th America, and the  P a c i f i c  r i m )  s o l i d  
waste was c o l l e c t e d  and disposed o f  under c o n t r o l l e d  condi t ions.  Ac tua l l y ,  
populat ion dens i t y  determined the opt ions t o  be selected by the l o c a l  
communities. 

Except t o  when c o l l e c t i o n  procedures a f f e c t  the disposal system (such as i n  
recyc l ing) ,  sa id  procedures w i l l  no t  be developed he re ina f te r .  Accordingly, the 
emphasis w i l l  be i n  t h e  disposal o f  s o l i d  wastes i n  areas o f  the denser 
populat ions. Th is  w i l l  represent an estimated 90% o f  the s o l i d  waste o f  
approximately 90% of t h e  populat ions. The comparison o f  these d isposal  
procedcres of t h i s  era ( p r i o r  1970) i n  the Uni ted States, w i l l  be developed, 
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herein, using that section of Long Island not of New York City (except for the 
Far Rockaway area of Queens). This area coincides with the area served by the 
Long Island Lighting Company (LILCO), for which there is considerable statistical 
data available; essentiaJly, the United States Bureau of Labor Statistics Nassau- 
Suffolk reporting area. 

INCINERATION TECHNOLOGY - PRIOR 1970 

In the 1960's, the incineration of solid wastes was being developed into a fairly 
sophisticated technology. The concepts being introduced included: 

a. 
b. 

C. 

d. 

e. 

f. 

g. 

h. 

Continuously fed furnaces were replacing batch fed furnaces. 
Systems for controlling combustion air at the grates, in the ignition 
chamber, and in the combustion chamber.. . were evolving. 
Equipment effectuating complete combustion and removing particulate from 
the flue-gases were being installed (electrostatic precipitators). 
Six major companies who were supplying grate systems/furnaces, all of whom 
were active in further development/improvement of their systems. 
The American Society of Mechanical Engineers established a section,"The 
Incineration Committee" later to be made a division, until through mesne 
titles, it is referred to today as the "ASME WASTE PROCESSING DIVISION"). 
This division started to set standards for destructive distillations of sol id 
yastes, write codes for,, operation, and develop courses/manuq!s for 
Incinerator Operations and later "Incinerator Maintenance. 

As a result of the ASME (see 5 above) the first criteria for flue gas 
(air) and ground-water pollution control were established in the 1960's; and, 
more important, functional requirements for these controls were developed. 
The first real effective measure for flue gas (air) control and quench water 
(waste water) control were being field tested on operating incinerators. 
It is interestina to note: Several systems for energy recovery were 
developed and actually installed on large municipal incinerators (Town 
of Hempstead and Town of Oyster Bay). These systems worked well, but their 
use was discontined because they were not economically feasible. The extra 
cost for the operation and maintenance could not be justified, when electric 
power was being generated from $0.06 per gallon fuels in very efficient power 
plants. Only when the cost of utility fuels exceeded ten times that amount 
did energy recovery from solid waste (a clean fuel) became attractive. 

The history of incineration in the United States for this period is well 
chronicled in the "Proceedings" of the Incinerator Conferences of the Americqn 
Society of Mechanical Engineers (ASME) of 1964, 1966, 1968, 1970, and 1972 
Basically, all the major cities and suburban areas had either built or were under 
contract to build large incinerators. The typical plants were 500 tons per day 
(TPD) usually with two or more processing lines of 150, 200, or 250 TPD with a 
common tipping area and a common stack; many disposal facilities consisted of 
two 500 TPD plants. In the larger cities (typically New York, Chicago, 
Philadelphia) even larger furnaces and plants were built. Each new plant, 
usually employed the latest technology with the generation cycle at roughly five- 
years, and furnace replacement scheduled in on approximately 20-year cycle. The 
natural evolution o f  incinerator technology was in place. 
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It was during that period that the public was awakening to the environmental 
concerns resulting from energy conversions. However, the operators, designers, 
and manufacturers of incineration plants were already working on these 
environmental problems and several techniques for flue-gas cleansing and waste 
water recycling were being tested at new and existing incinerator plznts. These 
environmental programs included: 

i. Electrostatic precipitators for removing particulate in flue-gas. 
j. Scrubbers for removing particulate in flue-gas and for partially absorbing 

certain of the undesirable gas products such as SO2 and NOx's. 
k. Setting ponds and filter systems which would permit the recycling of flue- 

gas contaminates water (acetic) and ash quenching water (basic). 
1. Analyses of incinerator residue to establish standards for contaminates such 

as heavy metals and hazardous non-metallic compounds. 
m. Studies of air dispersion patterns from stack emissions of flue-gases. 

These industry wide programs of voluntary, industry-supported development and 
research was aborted circa 1970, upon the introduction of Federal Government 
regulations/controls. In developing these new regulations, and later controls, 
the draftsmen almost completely ignored the wealth of knowledge and experience 
already accumulated. This litertlly short-circuited all the private sector 
efforts. These newly ordained experts" began programs of enforcement by 
federal, state, and local governmental regulating authorities newly created for 
this purpose. The result was devastating; and,is discussed further herinafter. 

EMBRACING ENVIRONMENTAL REGULATION 1970 TO 1990 

Once the Environmental Protection Agency was created and began trying to get a 
handle in environmental concerns, the programs for processing, and improving 
upon the processing, of sol id wastes suffered greatly. Unfortunately, the 
original appointees (many of whom were attorneys and/or not technically trained 
professionals) to the higher positions in of these new regulatory agencies were 
almost completely unknowledgeable in environmental considerations; and, lacked 
the experience in setting-up standards and organizing for the regulation of same. 
This was disastrous to the solid waste processing industry. Segments of the 
environmental problems were regulated without regards to the overall 
environmental impacts. The Air Quality Act of 1971 epitomizes this. Standards 
were promulgated for air quality which were arbitrarily applied and thus 
adversely impacted the overall environmental quality. They were standards for 
which neither time for enforcement or even need for same was properly addressed. 

One of the reasons for enforcing the air quality of incinerators had such high 
priority is that incinerators had no constituency while the total adverse effect 
of solid waste burning was probably less than two percent (and that adverse 
effect was particulate which is admittedly undesirable by not an noxious as the 
sulfates, nitrates, chlorocarbons, etc. of the other polluters). Regulations 
were enforced that had the effect of systematically closing down all 
incinerators, because of the (then considered) excessive costs of installing (as 
yet unproven) air pollution control equipage. 
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As a result of these actions of the regulatorys, not only were operating 
incinerators closed, but the several companies developing incinerator technology 
and building incinerators went out of the business and most of the scientists, 
engineers, and technologists turned to other fields of endeavor. T h i s  was 
unfortunate because the real causes o f  air quality diminuation in 1970 were: 

Automobi 1 e .  ............................. .62% 
Industry ................................. 17% 
Utilities ................................ 16% 
All other*. .............................. .5% 

*(Including incinerators) ......... (+ 2%) 

Total.. ............. ..loo% 
-_---. 

A whole new group took over the solid waste processing industry. Engineers were 
replaced by attorneys and financial consultants as the solving o f  the solid waste 
problem was explored by many entities including: the giants of American 
industry, financiers supporting (suggested but untested) technologies, and 
federal and state grants to test new technologies. During this period, these 
newly ordained experts suddenly discovered "Resource Recovery" (just as other 
name for incineration) and a series of pilgrimages were made to study "European 
technology." Actually, "European technology" was nothing more that than advances 
on the same 1960's technology the development of which had not been interrupted 
by the actions of regulating authorities. As a result of this, several European 
countries have transferred their technology to the United States as part of their 
corporate structure, in partnership with or by license to United States 
companies. 

The European countries did have an advantage in that the resource recovery (hot- 
water or steam) technology was much further developed in Europe. This was 
largely because of the relatively high cost of fossil fuel (particularly oil) 
in Europe, which was anywhere from five to ten times the cost American utilities 
were paying for low grade fuels. 

While the incineration industry was completely disrupted by regulation commencing 
circa 1970, there were several developments which inure to the overall 
improvement of the technology particularly with respect to pub1 ic awareness, 
establishment of true values, and pre-processing standards such as source 
separation, mandated soft-drink containers deposits, and recycling systems all 
of which have made possible: 

n. A significant reduction in the non-combustibles in the waste-stream, thereby 
decreasing the bulk handled during processing and reducing significantly 
the volume and weight of the (contaminated) residue by approximately 10%. 
The separation of yard wastes remain both surface and combined waters and 
reduces the heterogenous nature of the solid waste stream making it easier 
to process. 

p.  The reduction in non-combustibles as increases in the heat value per pound 
(not the overall heat values) o f  the waste stream up to 20%. 

$. The collecting, storing, and forwarding of solid waste in disposable plastic 
bags reduces significantly the amount of surface water contaminating the 
waste stream. When equal parts of water (by weight) are added to the solid 
waste stream, the result is a significant reduction in the net heating value: 

0. 
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The E f f e c t  of Water i n  S o l i d  Waste Combustion 

72 degrees F t o  212 degrees F ............................ -150 BTU/lb 
212 degrees F (water) t o  212 degrees F (steam) ............ -970 BTU/lb 
212 degrees F (steam) t o  2,212 degrees F (superheat) ... .-1.000 BTU/lb 

Tota l . .  ....................... -2,020 BTU/l b 

1 l b  s o l  i d  waste.. ...................................... .5,000 BTU/1 b 
1 1 b water.. ............................................ -2.020 BTU/1 

Net heat ing va lue/ l  b.. .............................. .2,980 BTU/1 b 

Regulation, education, and economics have s i g n i f i c a n t l y  a l t e r e d  the  f a c t o r s  f o r  
evaluat ing s o l i d  waste as a v iab le  f u e l .  The remaining waste a f t e r  t h i s  
separation o f  rubb le  and yard wastes and t h e  r e c y c l i n g  o f  paper, p l a s t i c s ,  glass, 
metal containers and c e r t a i n  hazardous f u e l  i s  Source Separated Refuse Derived 
Fuel SSRDF (not  t o  be confused w i t h  the RDF product o f  mechanical ly processed 
sol i d  waste streams). 

Waste Stream Anal ses - Abstracted from Town o f  Oyster Bay Sol i d  Waste Management 
Plan - November :990 by Cashin Associates P.C. (Corrected f o r  rubble removal)3 

The SSRDF has there main components: 

Products 
(Combined) 

Papers 
Glass 
Metals 
P1 a s t i  cs 
Rubber 
Tex t i  1 es 
Wood 
Food 
Yard 
Inorganic 
M i  scel 1 aneous 

Pre-Recycle 
1984 

41.4 
6.5 
5.7 
8.0 
0.3 
1.7 
5.4 
9.3 

13.8 
4.3 
_. 3.6 

100.0 

Post-Recycl e 
1990 

42.5 
3.0 
6.3 
8.0 
0.3 
3.6 
8.5 
4.7 

10.5 
5.3 
_. 1.6 

100.0 

This SSROF has a ca l cu la ted  heat value o f  approximate 5,000 BTU's pe r  pound p lus  
o r  minus 10%. which compares w i t h  other non-renewal f ue l s  as fo l lows:  

TYPE OF FUEL' HEAT I NG Eaui Val en t  
BTU/1 b Therms/Ton Bulk U n i t  

Natura l  Gas 22,000 
Fuel O i l  NO2 19,430 
Fuel O i l  NO6 18,300 
Coal 15,500 
Coal 13,000 
Coke 11,670 
Pulp 6,700 
Begasse 4,000 

SSRDF 5,000 
Paper/Cardboard 6,500 
P1 astic-Average 16,000 

440 . . _  
389 
366 
308 
260 
233 
134 
80 

100 
130 
320 

41.08 MCF 
6.61 BBL 
6.10 BBL 

1 TON 
1 TON 
1 TON 
1 TON 
1 TON 

1 TON 
1 TON 
1 TON 
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RESOURCE RECOVERY TECHNOLOGY AFTER 1990 

I n  order t o  b r i n g  i n t o  focus the po ten t i a l  energy a v a i l a b l e  i n  s o l i d  waste, a 
comparison o f  t he  renewable energies :how: 

Solar Enerav Annually Avai lab le To The World From Reusable Sources' 

SOURCE BILLIONS OF THERMS 

Solar c o l l e c t o r s  433,000 
Water fa l l  9,000 
Land Vegetation 1,600 
Tropica l  Waters 500 
Wind 50 
Heat Pumps 50 

So l i d  Waste (United States) 23.62 
Sol i d  Waste (Nassau/Suffol k)  0.23 

A l l  Tvoes o f  Enerav Sources Used Bv LILCO For The Year-1998 

Fuel Oil 1.01 56% 
Natural Gas 0.36 20% 
Nuclear Power 0.07 4% 
Purchased 0.36 20% 

100% Total .... ..... ............. 1.80 

With the above s t a t i s t i c s ,  a program f o r  energy recoverable from s o l i d  waste can 
be evaluated. Approximately ten percent o f  t he  t o t a l  e l e c t r i c a l  energy f o r  t h i s  
designated area (LILCO) could be produced from the s o l i d  waste generated there in .  
Looking a t  t h i s  poss ib le  a l t e r n a t i v e  and a t  the changes i n  condi t ions brought 
about i n  the  twenty years (1970-1990) by the i n t r o d u c t i o n  o f  regulat ions and 
environmental consciousness has produced many bene f i t s ,  which w i l l  make s o l i d  
waste more f e a s i b l e  and more a t t r a c t i v e  as an annually renewable energy source. 

I n  producing energy, the most important cons iderat ions are economic and 
environmental, which complement one another. When comparing SSROF w i t h  the 
energy sources, i t  i s  most l i k e l y  t o  replace, SSRDF has t h e  advantage: 

CONSIDERATION 

Fuel Type 

Fuel O i l  
Nature Gas 
Nuclear Power 
SSRDF 

ECONOMIC 
COST/DECA THERM 

$ 

$2.18 
1.80 
0.98 
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ENVI RONOMICAL 
S u l f u r  Content 

% 

1 .o 
Trace 

0 
Trace 



The costs given for alternate fuels are from LILCO and are the average 1990 
costs. 

SSRDF has essentially no cost as the cost of disposal is eliminated, if the SSRDF 
is used as a fuel for energy conversion. However, the costs of set conversion 
are higher that the costs for an equivalent amount of other fuels generated i n  
the larger more efficient utility power plants. 

The nuclear power is produced by facilities in which LILCO is partner. 

THE FUTURE OF RESOURCE CONTROL - CIRCA 2000 
As a result of the factors mentioned above, between 1970 and 1990, the control 
of solid waste processing has shifted in part from the ultimate disposer 
(landfill manager/incinerator plant operator) to the consumer, who has been 
taking more and more responsibilities for recycling. 

As the environmental consciousness continues to evolve and the general knowledge 
of the puolic increases, the control of solid waste processing will gradually 
shift to the generators. A series of controls are being enacted, considered, 
and/or planned by Federal/State Agencies to: 

t. Further expand beverage container control to all parts the country. 
u. Reduce or eliminate undesirable compounds from packaging and expendable 

products (Florocarbons, etc.). 
v .  Require more reusable containers for consumer product delivery. 
w. Reduce excess packaging; particularly, when the solid packaging is several 

times the bulk of the product delivered. 
x.  Require disposable products and packaging, when not readily biodegradable 

to be safety reducible by combustion. 
y. Provide recycling systems for hazardous consumabiles (chemicals, batteries, 

oil wastes, etc). 
z .  Containers for liquids will be regulated as to size, shape, type of label, 

and all types of materials used. 

The solid waste problem will never be completely resolved, but slowly over the 
next twenty year (by 2010), the waste stream in the country will be controlled 
by the cooperation of the producers, consumers, and disposers. 

SUMMARY 

If the experiences of the past twenty years are carefully reviewed, a program 
for solving the ecological exposures in processing our waste stream can be 
resolved, unfortunately, in recent years, well intented environmentalists, 
supported by opportunist politicians, have skewed the pub1 ic’s understanding of 
this environmental problem. 

For the past several years the public has been exposed to perceptions, not facts. 
It is time for the technologically trained scientists, engineers, and educators 
to speak out on all the environmental issues and put these issues i n  their proper 
prospective. 
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FOOTNOTES 

lThe Long Is land L i g h t i n g  Company’s (LILCO) operat ing area e s s e n t i a l l y  
co inc ides w i t h  the United States Bureau o f  Labor S t a t i s t i c s  r a p o r t i n g  area o f  
Nassau and Su f fo l k  Counties i n  New York State. This area has a d iverse nature 
w i t h  a populat ion o f  2.3 m i l l i o n ,  which i s  approximately one percent o f  the 
populat ion o f  the United States. This  area i s  uniquely s i t u a t e d  on an i s land  
surrounded by water on three sides and New York C i t y  t o  the  west. Th is  assures 
con t ro l  o f  the s o l i d  waste steam, which i s  impacted ne i the r  by the  impor ta t i on  
o f  f o re ign  wastes, nor the export o f  l o c a l l y  generated wastes, except as p a r t  
o f  c o n t r o l l e d  disposal programs o f  l o c a l  mun ic ipa l i t i es ) .  

2The American Society o f  Mechanical Engineers (ASME) commenced hold ing 
b ienn ia l  conferences i n  1964, a l l  o f  which have been publ ished i n  these 
“Proceedings“, which are ava i l ab le  i n  l o c a l  technica l  l i b r a r i e s  o r  the 
Engineering L ibrary  o f  the Engineering Bu i l d ing  345 East 47th St reet ,  New York, 
NY 10011; o r ,  may be purchased (not a l l  years ava i l ab le )  from ASME, 345 East 47th 
St reet ,  New York, NY 10011. These proceedings are chronology o f  the then s ta te -  
o f - the -a r t ,  the operating data, and program f o r  research and development.. .of 
t he  Incinerator/Waste Processing Indust ry .  

3The Town o f  Oyster Bay S o l i d  Waste Management Plan - November 1990 by 
Cashin Associates P.C., 255 Executive Drive, Plainview, New York 11803. 
Contains a summary o f  a se r ies  o f  s o l i d  waste analyses made by CASHIN ASSOCIATES 
P.C. from which these data were abstracted. 

4Steam/i t s  
York, NY 10017. 

generation and use- .Babcock Wilcox, 161 East 42nd S t ree t ,  New 

5Energy Sources - The Wealth o f  the World, Ayres and S c a r l o t t  - Mc Graw- 

6Long Is land L igh t i ng  Company - 1990 - Annual Report and support ing 

H i l l ,  1221 Avenue Americas, New York, NY 10027. 

documents. LILCO, 175 Old Country Road, H i c k s v i l l e ,  NY 11801. 
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SEWAGE SLUDGE: A FASCINATING FEEDSTOCK FOR CLEAN ENERGY 

M .  Rashid Khan, M .  McMahon, S. J. DeCanio 
Texaco Research h Development, P.O.Box 509, Beacon, NY 12508 

Sewage sludge is composed of organic and inorganic materials. The 
organic portion of the sludge is predominantly composed of C, H, ti, 
and S. On a dry-basis, the heating value of sludge is greater than 
that of oil shale or tar sand. The volatile matter content of dry 
sludge can be higher than that of the high volatile bituminous 
coal. Available correlations in the literature, developed for 
coals, were applied to predict the experimentally determined 
heating values. In addition, the sludge compositional data (C, H, 
S, and ash) were used to develop a new correlation specifically for 
raw sewage sludge. Compared to the models tested, the new 
correlation developed in this study for sewage sludge provided a 
better fit between the measured and predicted values. 

KEYWORDS: Sludge, heating value, composition, coal 

INTRODUCTION AND BACKGROUND 

Treatment plants receive tremendous quantities of waste-water 
containing dissolved and suspended solids from a variety of sources 
including domestic, industrial and urban-offs as well as from storm 
drainage. Consequently, a variety of organic and inorganic 
materials can be found in a waste-water treatment plant (1). 

Traditionally, the solid residue or sludge, the principal product 
of primary and secondary treatments, has been ocean dumped or 
landfilled. However, current federal regulations restrict such 
traditional practices. The option to dispose of such materials by 
landfilling also suffers from psychological (e.g., "not-in-my- 
backyard" syndrome) and genuine environmental concerns (e.g., 
contamination of ground water or agricultural products and 
leaching). A recent survey of compositional characteristics of 
domestic sludges indicate that most sludges can be classified as 
"hazardous," and consequently not suitable for disposal by 
landfilling (2). Keeping these alternatives in mind, conversion of 
sewage sludge to clean fuels via gasification (which readily 
converts essentially all the organic constituents) to synthesis gas 
(CO and H,) for power generation or as chemical feedstock, provides 
an excellent avenue to utilize this renewable resource ( 3 ) .  

The use of sewage sludge requires a better understanding of its 
physical and chemical properties. In particular, the ability to 
estimate its calorific value would indeed be of great importance 
keeping in mind that the measured heating values of sludge are 
generally not readily available and the reported data often suffer 
from a relatively large experimental variation (partly due to 
possible biological/chemical degradation of samples during various 
treatments). Correlations are important for justification and 
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modeling of the conversion ,processes now being developed. 

The correlations between the coal composition and heating value 
were reported as early as 1940. Over 20 different equations are 
reported in the literature which enable one to calculate the 
heating value of coal based on the ultimate/proximate analyses (4 -  
9). However, essentially nothing could be found in the literature 
that could be readily applied to specifically estimate the heating 
value of sludge. 

To examine the utility of existing correlations (developed for 
coal), the most widely used equations were tested for sewage 
sludge. Mott and Spooner (1940) claimed that their equation will 
yield heating values agreeing within 200 btu for the whole range of 
fuels, from peat to anthracite ( 4 ) .  We, however, were much less 
successful with this equation for dewatered sewage sludge. 

Mason and Ghandi (1980) developed a correlation based on coal 
samples from the Pennsylvania State University coal data base (6). 
A comparison of the experimental results and the predicted values 
(based on Mason and Ghandi's equation) was made. Compared to the 
equation by Mott and Spooner, this equation (termed Data Base [DB] 
Equation) did a better job in estimating the heating value of 
sludge. 

EXPERIIIENTU 

In this study dewatered sewage sludge samples (originating in 
various treatment plants of the country) were dried in a lab vacuum 
oven under N,. The dry samples were characterized by monitoring the 
following: ultimate analysis ( C ,  H, S, N), ash content and high 
heating value. A selected set of samples were characterized in 
multiple laboratories which included the following: Huffmann 
Laboratories, Inc. (Golden, CO), Institute of Gas Technology (IGT, 
Chicago, IL), and Texaco Research & Development (Beacon, NY) to 
ensure that analyses in various laboratories provide comparable 
results. In general, the data obtained from various labs were 
within the variation allowed by the conventional ASTM guidelines 
for each analyses. All analyses for a given sample were completed 
relatively rapidly to minimize degradation of samples due to 
bacterial growth. 

The data (30 observations in total) were analyzed by using the 
Statistical Analytical System (SAS) package developed by SAS 
Institute (10). The regression programs available in this package 
were applied to develop an empirical model. 

RESULTS AND DISCUSSION: 

1. The Heating Value of Sewage Sludge Compared to the Various 
Fossil Fuels 

The mean heating value (gross) of sludge (based on 30 observations) 
compared to various fossil fuels is shown in Figure 1. The heating 
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value of oil shale (Green River formation of Mahogeny zone; 
Colorado; 33 gal/ton, described by Khan, 1987) was 3200 Etu/lb 
(10). The heating value of eastern Kentucky shale can be 
significantly lower than the western shale considered in this 
study. The heating value of the Asphalt Ridge basin tar sand (Khan, 
1989) was less than 2000 Btu/lb (11). By contrast, the heating 
value of an average sewage sludge is considerably higher (6400 
btu/lb). The heating value of an industrial biosludge observed in 
this study to be greater than 9000 btu/lb. However, no industrial 
sludges were included in the data base aimed at developing the new 
correlation. 

Compared to essentially all fossil fuels (excluding petroleum based 
fuels), sewage sludge has a higher H/C (atomic) ratio (Figure 2). 
The mean H/C ratio of sewage sludge was 1.65 (based on 30 
observations), considerably higher than that of the bituminous 
coals (Pittl8) with H/C ratio of 0.89 or a sub-bituminous coal (H/C 
of 0.96 for Wyodak coal). The H/C of the sewage sludge is 
comparable to tar sand bitumen (with H/C of 1.5). 

In addition tothe elements described above, significant amounts of 
chlorine and various volatile metals can be present in sewage 
sludge. For example, the chlorine content of one sludge was as high 
as 0.6% (dry basis). Other volatile inorganics identified in the 
this sludge included the following: Beryllium (less than 0.02 ppm) , 
Vanadium (less than 1 ppm) , and Manganese (900 ppm). However, this 
study did not consider the role of chlorine or vaporizable metals 
on the heating value of sludge. 

2. Variations in the Sewage Sludge Composition 

The mean, standard deviation, minimum and maximum values for the 
compositional analyses are presented in Figures 3 and 4. The 
variations in the C, H, N and S content in different samples are 
shown in Figure 3 .  The sulfur content for various sludges ranged 
between 0.18 and 3.61 percent with a mean value of 1.71 (with a 
standard deviation of 1.05 about the mean). The oxygen content of 
sludge ranges between 3.5 and 27.8% with a mean of 16.5 (and a 
standard deviation of 6.3%). 

The volatile matter content for the a given sludge ranged between 
45 and 62% (dry basis). These values are significantly higher than 
the volatile matter content of a high volatile bituminous coal 
(with a volatile matter content of 35%, dry basis). The H/C 
(atomic) for the data set used ranges between 1.44 and 1.86 with a 
mean of 1.65 with a standard deviation of 0.106. 

Figure 4 shows that the mean heating value of the sludge was 6409 
with a standard deviation of 816 (based on 30 observations). The 
measured values for the sludge ranged between 5261 and 8811 Btu/lb. 
The heating value and the compositional characteristics of sludge 
are dependent on the nature of sludge as well as on the degree of 
digestion (or pretreatment) a sludge has undergone. The minimum 
ash content for the sludge was 18.9% while the maximum value for 
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the sludge was 58.68% (the mean was 40.5%). The higher ash content 
generally reflects that the sludge has either been digested or 
heat-treated to convert a large portion of the organic 
constituents. 

The sludge composition is dependent on the nature of pretreatment 
a given sludge has experienced. For example, the sludge conditioned 
by a wet oxidation process (intermediate pressure, 300-400 psi: 
oxidizing atmosphere: temperature of 250-375 F) has a significantly 
different analysis and a lower heating value compared to an 
untreated sludge (low C, H but higher oxygen content compared to 
the untreated materials). 

The compositional differences between various sludges can be 
significant: these differences will be discussed elsewhere. It is 
interesting to note that the pyritic sulfur is the dominant sulfur 
type for several sludge. The presence of this large concentration 
of pyrite is not typical of domestic sludges but suggests the 
formation of pyritic sulfur from organic sulfur by bacterial 
action. 

3. Comparison of various correlations 

Attempts were made to estimate the heating value of sludge using 
correlations widely reported in the literature applicable for coal 
(and oil shale). In particular, the equation by Mott & Spooner and 
the Data Base equations were compared with the newly developed 
correlation. 

The percent variation between the. measured and the predicted values 
were calculated for each model by the following equation: 

% Variation = 100 x (Predicted-Measured)/Measured 

The variations (between the measured and predicted values) for the 
three models are summarized in Figure 5. The model developed in 
this study provides a mean variatjgn of 0.019% va . t, between between the 
predicted and the measured values. The maxim m ria ion 
the measured and predicted values was never greater than 2.83%, 
based on the new model. In contrast, the Data Base Equation 
provides a maximum variation of 10.2% while the equation by Mott & 
Spooner yielded a maximum difference of 14.8% between the measured 
and predicted values. 

Figure 6 compares the measured and predicted heating values based 
on the Data Base Model. The disagreement between the predicted and 
measured values in Figure 6 is much larger than those shown in 
Figure 7 (based on the new correlation developed in this study). 

4. Evaluation of the New Correlation 

Figure 7 compares the measured and predicted heating values 
calculated based on the correlation developed in this study. The 
following equation describes this model: 
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Q (Btu/lb) = 241.89*C + 264.26*H + 236.2*S + 20.99*Ash - 4174.68 
R' for the model is 0.99. The parameter measures the proportion of 
total variations explained by the regression. It is calculated by 
dividing the sum of squares due to regression by the total sum of 
squares. R' is related to correlation coefficient, r, by the 
following in simple linear regression: r = square root of R2. In 
addition, r, has the same sign as the slope of the computed 
regression. 

The F value for the model was 650.6. The F ratio is the ratio 
produced by dividing the mean square for the model by the mean 
square of error. It tests how well the model as a whole (after 
adjusting for the mean) accounts for the behavior of the 
independent variable. 

The P value for the model was 0.0001. P defines the 880bserved level 
of significance." In statistical terms, the level of significance, 
alpha, of a test is defined as the probability of rejecting the 
null hypothesis (i.e., no linear relationship between the dependent 
and independent variables) given the null hypothesis is true. The 
P-value gives us the largest value of alpha that would lead to the 
acceptance of the null hypothesis. In other words, from statistical 
standpoint, the correlation developed is highly significant. 

SulIluRY 6 CONCLUSIONS 

The following conclusions are derived based on this study: 

The heating value of dry municipal sewage sludge is 
considerably higher than tar sand or oil shale but lower than 
that of bituminous coal. The atomic H/C ratio of sewage 
sludge, however, is higher than that of bituminous coal, but 
comparable to the H/C ratio of oil shale. Some industrial 
biosludges can have heating value comparable to that of low 
rank coal. 

The volatile matter content of sludge is higher than that of 
coal, oil shale or tar sand. 

The compositional characteristics (C, H, N, S and ash) of 
sludge can vary widely among sewage sludge of different 
origin. Wet oxidation of sewage sludge significantly reduces 
its heating value as well as its C and H content. 

The conventional equations developed for coal are not readily 
applicable for sewage sludge. The equation developed in this 
study serve reasonably well for estimating the heating value 
of sludge of various origin based on its analysis (C, H, S, 
and ash). 
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Figure 2 

Comparison of H/C (Atomic) 
of Various Feedstocks (Dry-basis) 
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Figure 4 

Variations in Sludge Heating Value 
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Figure 6 

Predicted & Measured Heating Value For Sludge 
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DRYING FUELS THE CARVER-GREENFIELD PROCESS 

Ernest A. Kollitides and Thomas C. Holcombe 
Dehydro-Tech Corporation 

6 Great Meadow Lane, E. Hanover, NJ 07046 

Keywords: Drying, evaporation, solvent extraction 

INTR 0 D U (JT IO N 

Over 80 plants utilizing the Carver-Greenfield (C-G) Process Q have been licensed worldwide 
during the past 30 years to dry and convert a wide variety of sludges and other wastes into 
valuable products, such as fuel, animal feed, and fertilizer. Many of these plants generate energy 
from such wide-ranging feedstocks as sewage sludge, industrial bio-sludge, wool scouring waste, 
wood pulp mill sludge, chocolate processing waste, brewery sludge, and dye waste. Table I 
summarizes those C-G Processm applications in which some or all of the dried wastes are used 
as fuels. 

PROCESS DESCRIPTION 

The patented C-G Process uses the innovative approach of dispersing the waste in a solvent and 
evaporating all the water out of the suspended solids. A simplified process flow diagram of the 
C-G Process is shown in Figure 1. The waste is mixed with a solvent to form a slurry containing 
about 5 lbs solventflb solids. The solvent properties can be optimized for the particular 
application. In cases where the dried solids are to be used as a fuel, a petroleum oil is typically 
used as the solvent. The waste/solvent slurry is circulated through an energy-efficient evaporator 
system to evaporate virtually all of the water from the solids. Water levels below 5 percent are 
typically achieved. Either multi-effect evaporation or mechanical vapor recompression is used to 
achieve very low energy requirements, in the range of 300 to 500 BTUs per pound of water 
evaporated, versus over 2000 BTUs per pound for conventional drying processes. The solvent 
fluidizes the mix and creates a low slurry viscosity, thereby ensuring high heat transfer coefficients 
and minimal scalinglfouling of the system as the water is evaporated. While evaporation of the 
water is going on, the solvent extracts oil-soluble contaminants from the waste as well. Since the 
slurry is raised to over 250°F during processing, any pathogens or other micro-organisms present 
in the waste are destroyed, thereby avoiding problems with product handling and storage. 

After evaporating the water, the slurry is fed to a centrifuge to separate the bulk of the solvent 
from the dried solids. The residual solvent is removed from the centrifuge cake by 
"hydroextraction", a desohrentizing step involving evaporation and gas stripping. Essentially all of 
the solvent is recovered and reused in the process. Extracted solvent-soluble compounds can be 
recovered by distilling the solvent and burned as a fuel separately from the solids. 

~ 

Presented at the "Clean Energy from Waste" Symposium during 
the ACS National Meeting, New York, August 26-30, 1991. 

- 
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Through commercial experience and continuing research, a simpler, less costly and highly reliable 
version of the G G  Process has been developed. The new process configuration eliminates the 
more complex equipment used in earlier plants, such as vacuum hydroextraction and slurry-to- 
slurry heat exchangers. Feedstocks with widely varying compositions can be handled easily, 
without the need for recycling dry solids. 

SLUDGE DRYING 

The drymg of municipal sewage sludge is an important application of the C-G Process. As shown 
in Table I, the City of Los Angeles, the County of Los Angeles, and the City of Tokyo have all 
recently built C-G Process facilities to dry sludge prior to incineration for the generation of steam 
or electricity. Sewage sludge typically has an energy content of 6,500 BTU per pound of dry 
solids, although the moisture content has a major impact on the availability of the energy. As 
shown in Figure 2, drying sewage sludge completely creates a fuel with a net available heat of 
almost 4000 BTUs per pound of solids. Drying sludge also permits high flame temperatures (2000 
to 3000 OF), thereby improving the quality of the flue gas by maximizing the destruction of any 
toxic compounds present. 

The C-G Process facility at the City of Los Angeles is designed to handle over 400 dry tons per 
day of sewage sludge derived from 3.5 million people living in a 600 square-mile area. The dried 
sludge is fed to a fluidized bed gasifier which employs recycle flue gas followed by two stages of 
after-burning. This staged combustion of the pyrolysis gas results in minimum NO, formation and 
results in air emissions below those experienced prior to this energy-recovery project. The design 
energy equivalent of the dried sludge is over 1000 barrels of oil per day. 

PEAT DRYING 

Most of the peat used to produce energy today is sun-dried in production fields. This method is 
obviously highly dependent upon the weather and has a short production season, especially in 
northern countries such as Finland. Working with the Technical Research Centre of Finland, 
laboratory and pilot plant tests were conducted to demonstrate the effectiveness and efficiency of 
the C-G Process in drying peat. 

One of the important side benefits of the C-G Process is its ability to extract compounds from the 
solids during the drying steps. Bitumen is a major constituent of peat which can be extracted. 
Extracting bitumen prior to combustion or gasification is an advantage since the bitumen can be 
sold as a valuable by-product and it minimizes waxy depositions in the combusting equipment. 

Studies were done to determine the solvent which optimizes total process performance. bo- 
octanol was found to provide the best balance between bitumen extraction, fluidization 
capabilities, and cost. 
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REFINERY WASTES 

Several tests have demonstrated the ability of the C-G Process to dry and detoxify refinery wastes, 
such as slop oils, DAF sludges, AF'I separator bottoms, tank bottoms, bio sludges, and 
primarylsecondary emulsions. In one typical study, a hazardous oily sludge was taken from a 
refinery wastewater pond in the Northeast and tested in DTC's laboratory. As shown in Table 
11, the material contained 1.3 pounds of indigenous hydrocarbons per pound of solids. One 
sample was treated with solvent once. A second sample was treated with distilled solvent twice. 
The concentrations of indigenous hydrocarbons in the solids were only 2.0 and 0.2 weight percent, 
respectively, after treatment. The original slop oil was unsuitable for landfilling due to the 
presence of a variety of hazardous hydrocarbon compounds. After treatment by the C-G Process, 
an independent testing laboratory determined that both solids samples met all the requirements 
for non-hazardous landfilling as specified by the U.S. EPA The extracted indigenous 
hydrocarbons can be recycled to the front end of a refinery or burned as high BTU content fuel. 

CONCLUSIONS 

The C-G Process, licensed by Dehydro-Tech Corporation, is a versatile process for drying and 
solvent extracting wastes to produce fuels and byproducts. It has been used for a wide variety of 
applications and is being considered for new applications, such a peat and refinery wastes. The 
technology should play, a growing role in the "waste to energy" markets. 
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TABLE I 
CARVER-GREENFIELD PROCESS WASTE TO FUEL APPLICATIONS 

Lns Angela & 
Lns Angeles 

w Virginia 
I 

Denmark 1 1 

Washington I SO 
State 

1 %  Indiana 

Pennsylvania 

Colorado 

Medm 7.2 

Pennsylvania 

I 

Feed Tpc Feed Product Use slanup 
sollds Dale 
W"l0) 

Digested municipal 19 Combustion for 1992 
sludge electricity generation 

Undigested municipal 20 Combustion for energy 1989 
sludge and cement additive 

Digested municipal 40 Combustion for 1988 
sludge electricity generation 

sludge electricity generation 

Dve wastes 143 Fuel 1 986 

Digested municipal 20 Combustion for 1987 

sewdee sludee 

I II wwd pulp mill I 13 I Animal feed and fuel 
activated sludee 

Pharmaceutical plant I 2-4 I Fuel 
wastes I II 
Chmlate waste 2 Fuel 1978 

Brewery undigested 4 Animal feed and fuel 1977 
sludge 

Undigested and digested 45-5 Utility boiler fuel 1976 
municipal sludge 

Primary sewage sludge 2 Utility boiler fuel 1975 

Pharmaaeutical wastes 6 Fuel 1975 

Primary sewage sludge 20 Fuel 1973 

Pharmaceutical wastes 24 Fuel 1970 

Undigested air floamtion 8 Utility boiler fuel 1964 
sludee 

I I I 

I I 
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TABLE I1 
SLOP OIL T R E A m N T  RESULTS 

Solids 

Indigenous 
Hydrocarbons 

Water 72.0 
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FIGURE 2 
NET HEAT AVAILABLE IN SEWAGE SLUDGE 
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PRETREATWENT OF MUNICIPAL SEWAGE SLUDGE W R  GASIFICATION 
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ABSTRACT 

The flow behavior of coal water slurry is significantly degraded 
when untreated sludge is mixed with coal at a sufficient 
concentration. Various methods of treating sludge were evaluated in 
an effort to make coal slurries (containing more than 25 per cent 
sludge) or treated sludge relatively more fluid so that they could 
be pumped through pipes and nozzles into a pressurized gasifier. 
Drying sludge in commercial dryers at temperatures ranging from 180 
to 400°F significantly improved its slurrying characteristics with 
coal. The fluid characteristics could also be improved by removing 
water under vacuum, dewatering with high intensity filter presses 
and subjecting the sludge to shear stresses. Slurry viscosity 
measurements were made at 70 to 212°F in viscometers. 

-0DUCTION 

Over 26 billion gallons of waste water are treated by about 15,000 
publicly owned treatment works in the United States serving >70% of 
the population (1). This treatment results in the production of 7 
million metric tons per year of sewage sludge. Most of this is 
applied to the land while about 20% is incinerated and another 6% 
is dumped into the ocean. The recent ban on ocean dumping along 
with a decreasing number of landfills and other environmental 
concerns have created a need for environmentally sound sewage 
disposal alternatives. 

The Texaco Coal Gasification Process, which has operated 
satisfactorily in large scale facilities for several years, appears 
to offer attractive features as such an alternative. Coal slurries 
containing about 60% coal are a usual feed for the process and 
concentrated sludge slurries in the form of sludge filter or 
centrifuge cakes containing 70 to 80% water are a usual product of 
water treatment plants. Sludge in this form is a low quality 
fuel, however, with an insufficient btu content to be gasified 
alone in the process. It must therefore be mixed with an auxiliary 
higher quality fuel such as coal, oil or gas to form a satisfactory 
feed for the process. 

In addition to having a satisfactory heat content, slurry mixtures 
that are suitable feeds for the process must be pumpable at high 
concentration and must contain sufficient sludge to justify the 
incremental cost of handling it. 
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This paper describes the results of our efforts to characterize the 
fluidity properties of sludge/coal slurries and to identify a 
treatment process that would enable sludge concentrations in 
pumpable slurries with coal to be increased to practical levels. 

The hydraulic transport of particulate solids has recently been 
reviewed ( 2 ) .  Campbell and Crescuolo examined the rheological 
characteristics of dilute sludge slurries (3). Beshore and Giampa 
reported on the rheological properties of concentrated coal 
slurries containing small amounts (up to 10%) of sludge ( 4 ) .  No 
detailed studies of' the rheological characteristics of coal 
slurries containing high concentrations of raw or thermally treated 
sludge have been reported. A fuel comprised of raw (undewatered) 
sludge and coal has also been claimed to be pumpable and useful as 
a boiler fuel ( 5 ) .  

The viscometer used for this work was developed in our laboratory 
and calibrated with oils of known viscosity. Usually, apparent 
viscosity vs. solids concentration curves were obtained from which 
we determined the total solids that could be included in a slurry 
at a given viscosity. Replicate measurements indicated that the 
standard deviation of measurements using this technique was 0.79.  
About 80 grams of slurry was required for each measurement. 
Slurries were prepared by mixing the desired amounts of sludge, 
coal and water to a measurable consistency in the measuring cup and 
noting the torque at a stirrer speed of 600 rpm. Measurements were 
then repeated as incremental amounts of water were subsequently 
added. Torques were related to viscosities by measurements on the 
oils of known viscosity. In addition, a Haake viscometer RV-100 
was also used for rheological measurements. 

To establish the patterns of sludge behavior, dewatering of sludge 
was achieved by an advanced dewatering technique, high intensity 
press (HIP). The HIP was simulated by distributing dewatered cake 
on a 4"x4" piece of filter fabric which was supported by a 
specially designed perforated square metal tray. This was 
surrounded by a square metal box. A similar piece of fabric was 
placed over the sample followed by an upper square tray. Pneumatic 
piston pressure was then applied to the upper tray forcing out 
entrapped water. The applied pressure was changed in various 
retention times (zones 1 through 4 )  to simulate the actual HIP zone 
pressures. Upon completion of the pressure cycles, the pneumatic 
lever was pushed up and the pressure box removed quickly. HIP 
applied a mechanical pressure of 125 psi (compared to only 25 psi 
for commonly used belt press filters) to effect dewatering. It is 
important to minimize contact of the dewatered sludge with the wet 
belt to avoid resorption of moisture by the sludge. The solid 
content was determined by actual measurement and the throughput was 
calculated by empirical equations developed by Andritz, the 
manufacturer of the device. 
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RESULTS AND DISCU SSION 

L Sludae Character istics 

The digested sludge used for most of the measurements made in this 
study was obtained from water treatment plants in Los Angeles 
County, L o s  Angeles City and San Bernadino County in California. 
The as-received filter cakes were amorphous, fibrous materials 
containing 20 to 30% total solids. These materials were not 
pumpable but could be made so by diluting to about 15% total 
solids. Polymeric flocculating agents were employed in their 
preparation. Their composition is compared with coal and peat in 
Table 1. Digested sludge solids generally contain: 30-60% volatile 
solids, 5-20% grease and fats, 5-20% protein, 10-20% silica and 8- 
15% cellulose (6). 

2, A s R  eceived S1 udae/Coal Slurr ies 

For the purposes of this work we needed to know the maximum amount 
of sludge that could be incorporated into a pumpable slurry with 
coal. Economics dictated that commercially viable sludge 
containing feeds should include at least 25% sludge and have a 
total solids content of above 50%. Experience with coal slurries 
indicates that slurries having apparent viscosities of about 1000 
CP are pumpable. Results of viscosity measurements on a number of 
sludge/coal slurries containing varying amounts of Los Angeles 
sludge in Utah-Sufco coal showed that the amount of total solids 
which can be incorporated into a pumpable slurry decreases with 
increasing sludge content. It was also apparent that in the 1000 
to 2000 CP range, small increases in total solids content of 
slurries effect large increases in viscosity. None of these 
mixtures was considered a satisfactory fuel because either their 
sludge or total solids content was too low at the 1000 CP pumpable 
viscosity. 

L ~eolocrv 0 f m a w  rativelv LWied S1 udae 

Thermal treatment of sludge improves its slurrying characteristics. 
Heat treated sludge is readily dewatered on filters to solids 
concentrations of 30 to 50%, while unheated sludge is usually 
dewatered to about 20 to 30% only with the aid of polymeric or 
inorganic conditioning agents ( 6 , 7 , 8 ) .  

Dilute sludge slurries containing less than 5% solids are thermally 
treated on a commercial scale throughout the country in 
different types of dryers and thermal treatment units. Thermal 
treatment over the wide temperature range encompassed by these 
processes did, in general, improve slurrying properties. The prod- 
ucts of various treatment processes are physically and 
compositionally different from raw sludge (Table 2). Some of the 
products are dry homogeneous powders somewhat coal-like in ap- 
pearance while others are quite fibrous containing about 60% 
moisture. The moist products could not be ground into a powder 

* 
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satisfactorily for slurry testing without drying them first. 

Results of viscosity tests on slurries prepared from these mate- 
rials are summarized in Table 3. We usually measured the slurrying 
characteristics of the neat sludges and of mixtures containing 30% 
sludge and 70% coal (dry basis). Clearly, all of these materials 
demonstrated slurrying characteristics far superior to those of 
untreated sludge. Some treated sludges were coal-like in slurry 
behavior hardly affecting the fluidity of the coal at low 
concentrations, while the other materials degraded the fluidity of 
the slurries to varying extent. This behavior is not unexpected 
since these materials have not only been heated at different 
temperatures but under different conditions. For example, sludge 
is heated while suspended in oil in one process in a manner that 
oil soluble compounds can be extracted from it, while in others, 
organic components in sludge are simply volatilized. Overall, the 
rheological characteristics of sludge and the sludge we treated in 
various ways were found to be very consistent. The rheology of a 
thermally treated sludge, as a function of shear rate is shown in 
Figure 1. 

Thermally dried sludge could also be slurried in oil but the 
viscosity of the slurry oil determined to some extent the amount of 
slurry solids that could be included in a pumpable mixture. 

Another factor that influences the rheology of sludge slurry is the 
applied shear rate. At relatively low shearing rates, the untreated 
sludge filter cakes could be reduced from an intractable solid with 
no meaningful viscosity to pourable liquids. This behavior is 
consistent with the thixotropic nature of sludge. As would be 
expected, more of this sheared product could be incorporated into 
a pumpable slurry than the "as received" sludge. This phenomenon is 
attributable to at least two factors: the first of these is the 
simple shearing of the cellulosic and polyamide flocculating 
polymers in the sludge. The second is a consequence of the 
shearing stresses on the flocculated colloidal particles. The drag 
forces and unfolding of the flocculated particles probably release 
trapped water and make it available as a carrier fluid with a 
consequent decrease in viscosity (Figure 2). 

In an effort to explore various means for treating sewage sludge 
for improving its slurrying characteristics with coal, we have 
found that virtually any means of removing water trapped in the raw 
sludge filter cake (including thermal treatment, advanced 
dewatering, shearing, vacuum drying and simple air drying) appear 
to improve the slurrying characteristics. 
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Figure 1 

Apparent Viscosity vs. Shear Rate for 38.02 wt% 

Thermally Dried Sludge 

at 30,60 and 90 C. 

I I I I 

100 Mo 3w 404 500 
i Shear Rate, l/sec 

Figure 2 

\ 1675 



TABLE 3 
SLURRYING CHARACTERISTICS OF COMMERCIALLY AVAILABLE 

THERMALLY TREATED SLUDGES - 
PROCESS MAX % ASH SLURRY COMPOSITION TOTAL SOLIDS 

TEMP, F SLUDGE % COAL % AT 1000 CP 
A 250 50.9 30 70 51.0 - 36 100 

1200 32.29 30 70 58.5 - 48.2 
B 

C 365 33.8 30 70 45 - 30 100 
358 44.0 30 70 62 - 53 

D 
100 

100 

1 
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PRODUCTION OF CLEAN MEDIUM Btu GAS FROM GASlFlC4TlON OF SWDGE WASTES 

I 

K. Durai-Swamy. Prent C. Houck. Qiao D. Feng, 
13080 Park Street, Santa Fe Springs, California 90670 

Momtaz N. Mansour 
5570 Starrett Place, #206, Columbia, Maryland 21044 

Experimental tests were conducted to assess performance of an indirectly-heated, fluidized bed, sludge 
gasification process employing pulse enhanced heat transfer. Feedstocks included sewage sludge, RDF, lignite. 
sub-bituminous coal, mild gasification char, SRC residue and black liquor and wastes from pulp mills. 
Feedstocks were reacted with steam at temperatures of 1t50'F - t50OoF to produce a clean medium Btu fuel 
gas with a higher heating value of approximately 400 Btu/SCF. Heat for the gasification reaction was supplied 
by means of an Integrated pulse combustion system consisting of multiple firetubes immersed within a fluidized 
bed. This process is being scaled up from laboratory scale (20 Ib/hr) to field test demonstration units (2,000 to 
6,000 Ib/hr). This unique gasification process does not require an oxygen plant to produce medium-Btu gas. 
thus reducing capital costs significantly. This paper presents the detail of results and progress of scale-up 
activaies. 

INTRODUCTION 

The potential for recovering energy from renewable sources and organic waste products has been recognized 
for many years. In recent years and with the realization that fossil fuels (oil and gas in particular) are 
unrenewable and being depleted at an accelerated rate, the need for an effective technology for utilizing 
renewable organic sources of energy is a prime consideration for a US. Energy Policy. 

The paper mill biomass waste is representative of materials discharged from virgin pulp mills and recycle mills 
located throughout the United States. These sludges typically contain 70 percent moisture as delivered fmm a 
belt press. Many mills are currently installing screw presses to reduce the moisture content to 50 percent. The 
presence of chlorimted organics (such as dioxins) in the sludges from virgin pulp mills. and plastics in the 
sludges from recycling mills poses serious problems for the landfilling of these wastes. The Hazardous and 
Solid Waste Act of 1984 (HSWA) restricts land disposal and requires pretreatment at the source prior to final 
disposal. Increasing disposal costs, diminishing landfill sites, and social and environmental factors are forcing 
mills to find unique solutions. 

MTCl has developed a unique process that reduces the volume of the solid wastes, destroys the chlorinated or- 
ganics such as dioxins and produces clean fuel gas for use in the mill replacing natural gas. 

BACKGROUND 

A pulse-enhanced, indirectly heated fluidized bed gasifier system was constructed and tested by MTCl during 
1985.1986 for gasification 01 waste feedstocks under the Phase II of a DOE/SBIR Program. The results of these 
tests confirmed the technical feasibility of the steam gasification of various feedstocks using the resonance 
tubes of the MTCl pulse combustor technology as an in-bed heat exchanger. In fact, the system demonstrated 
a capability for generating a medium-btu product gas of a quality superior to that attalnable in alr-blown, direct 
gasification system. The system's overall simplicity, due to the compact nature of the pulse combustor, and the 
high heat transfer rates attainable within the pulsating flow resonance tubes, provided a decided and near-term 
potential economic advantage for the MTCl system when compared to alternative direct or indirect gasification 
systems. 

Under Phase II of thls DOE/SBIR grant, testing of the gasifier was limited to biomass feedstocks only. In eafly 
1987, Weyerhaeuser Paper Company expressed an interest in testing the MTCl gasifier using black liquor 
feedstocks. The pulp and paper industry has an ongoing and substantial interest in developing new black 
liquor recovery methods since the existing technology has significant economic, safety, and environmental 
shortcomings. 

Preliminary feasibility tests were conducted in a 33 Ib/hr reactor, which verWd the feaslbility of the MTCl 
gaswler with black llquor feedstocks. In order to further develop this technology for mill sludge waste 
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gasMcatlon and black liquor recovery, MTCl received funding from the Department of Energy; the Weyerhaeu- 
ser Company; and the California Energy Commission’s Energy Technologies Advancement Program (ETAP). A 
scale-up reactor (200 Ib/hr) was constructed and tested for verification of the techndogy. The tests empha- 
sized the collection of definitive process data on conditions and with a broad range of feedstocks. 

These projects were completed in 1989 and have yielded extremely successful results confirming the 
commercialization potential of the MTCl technology to process a wide spectrum of biomass feedstocks as well 
as the ability to process mill biomass waste from recycling operations. In these tests, the MTCl gasifier was 
operated using samples of paper mill biomass waste provided by the Gaylord Container Corporation. This 
waste Is currently being landfiiled at a significant expense to Gaylord. Despite the high moisture content and 
presence of plastic material in these waste products, the MTCl gasifier operated without problems. 

DESCRIPTION OF THE PULSE COMBUSTOR 

The indirect gasifier tested under this program is supplied heat through the resonance tubes of a pulse 
combustor. The use of pulse combustion significantly enhances the performance and economics of the 
indirectly-heated gasifier since heat transfer coefficients can be obtained which are 3 to 5 times that achievable 
in steady-flow systems. 

The physical principles Involved in the operation of a pulse combustor are essentially the same as those which 
govern the undesirable pulsations that sometime plague conventional combustion, however, pulsations or 
combustiondriien oscillations are induces by design and are intended to improve combustion rates, heat 
transfer, and system performance. The frequency, intensity, and nature of these self-induced combustion 
oscillations depends upon the precise geometry of the pulse combustion apparatus. 

The pulse combustor consists of three main components: an air inlet valve, a combustion chamber, and a 
tailpipe or resonance tube. The pulse combustor operates over a natural oscillation cycle as shown in Figure 2. 
In the first step (Figure 2-l), fuel and air ignite within the combustion chamber. Ignition is spontaneously 
triggered from hot gases of the previous cycle and is not controlled by a spark plug or other external means. 
In the second step (Figure 2-2). the combustion-induced pressure rise forces the burning mixture to expand 
outward toward the tailpipe exit. Although some gases escape through the air inlet, the fluidic design of the air 
valve Significantly impedes flow in this direction. In the third step (Figure 23). the momentum of the out- 
rushing combustion gases creates a suction within the combustion chamber. This results in the purging and 
recharging of the chamber with fresh air and fuel. The fourth and final step (Figure 2-4) involves recompression 
of the fuel/air mixture within the chamber. This is followed by spontaneous ignition to repeat the natural 
pulsation cycle. 

Chamber pressure fluctuations are commonly achieved in pulse combustors. These pressure fluctuations are 
translated into velocity fluctuations of 600 ft/sec within the resonant tailpipe. The velocity fluctuations, which 
occur at a frequency characteristic of the combustor (30-300 Hz). intensely scrub the convective boundary layer 
inside the tube surface, thereby enhancing heat transfer rates. 

In the conceptual commercial gasHier designed for atmospheric operation, as shown in Figure 3, the pulse 
combustors are constructed in modules which can be inserted into the side-wall of a refractory-lined contain- 
ment vessel. The pulse combustor modules can be installed using techniques employed for conventional heat 
exchange tube bundles. Each pulse combustor will comprise an individual combustion chamber connected to 
a multitude of resonant heat exchange tailpipes. Since the pulse combustor is of a modular construction, 
scale-up of the gasifier Is anticipated to be straightforward. In fact, MTCl has tested individual pulse combus- 
tors at firing rates of 6 MMBtu/hr which are comparable to the size expected for use in commercial systems. 

Using the resonance tubes as a firetube bundle substantially alleviates heat transfer limitations on the flue gas 
side. This Is due to the presence of a vigorous oscillating flow field contained within the resonance tubes. The 
oscillatory flow field. which causes periodic flow reversal. induces a significant level of turbulence in the 
boundary layer on the inner walls of the firetubes. This, in turn, gives rise to effective heat transfer coefficients 
(40 to 50 Btu/hr/ft‘/”F) which is about five times higher than that for conventional firetubes. Thus, the 
characteristics for the pulse-enhanced, indirectly-heated gasifier overcomes many of the limitations of the state- 
of-the-art gasifier systems. 

GASIFICATION TESTS 

, 
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Test Systems 

Two separate pulse-enhanced gasifier systems were constructed under this program. The first unit consisted of 
a 20 cm fluid bed reactor (35 Ib/hr) enclosing two pulse combustor resonance tubes. This unit was employed 
to define essential gasification process data. The second gasifier consisted of a 48 cm reactor (90 Kg/hr) 
containing eight pulse combustor resonance tubes. The larger unit was intended to provide scale-up design 
criteria for Integration of large, multi-tube, heat exchange bundles. Both of these reactors shared essentially 
similar basic designs. 

The main components of the gasifier test rigs used until 1989 are shown in Figure 3. 

Steam was supplied to the fluidized bed reactor (R-1) from a boiler (H-1) where it was Injected at the base of 
the bed through a series of sparge tubes. The fluidized bed consisted of sized calcium carbonate (limestone) 
palticles. The pulse combustor (X-2) was fixed to the base of the reactor with its resonance tubes positioned to 
penetrate the bed in a U-tube arrangement. Combustion gases were then vented through an induced draft fan 
(F-2). The feed was injected into the fluid bed using a screw feeder. The feeder was charged periodically with 
a lock hopper. 

Product gas from the reactor entered a hot cyclone (V-2) and disengaged particulate matter which was 
collected In drum (V-3). The product gas was then incinerated (H-2) and scrubbed (V-4) prior to being vented 
to the atmosphere. In 1990 a quench scrubber and a condensate heat exchanger were added to remove the 
water from product gas. 

In a commercial operation, a partion of these medium Etu product gases would be delivered to the pulsating 
heat exchanger as a fuel source. Combustion of these gases provides the heat necessary for the indirect 
gasification process. 

Waste heat at the exit of the pulsating heat exchanger is utilized to superheat the process heat. Additional 
waste heat is available for feedstock drying, if necessary. or for generation of export steam to be used 
elsewhere in an integrated plant. 

Gas samples were extracted downstream of the hot cyclone. The sample gas was cooled in a condenser and 
knock-out pot prior to being analyzed by gas chromatography. The condensate was collected and sent to an 
independent laboratory for analysis of tars and oils. In addition, a screw sample valve, located on the reactor 
shell, allowed continuous monitoring of the bed carbon content. 

Test Results 

System testing of the indirect gasifier on biomass/waste feedstocks was conducted. The test results provided 
detailed information on gas compositions, char and tar/oil yields, and bed carbon inventory levels. 

Tests were performed using three different biomass feeds - pistachio shells, woodchips. and rice hulls; two 
different sludge waste products from a recycle paper mill; and a KraR mill sludge (the two sludge wastes 
differed primarily in their plastic content). Table 1 summarizes the ultimate analysis for mill waste and other 
biomass feedstocks employed in the test program. The ash content of the sludge waste exhibited a high 
degree of statistical variation. 

The waste paper sludge was obtained from a mill located in Northern California. The sludge fraction is 
composed of short fiber and plastic reject material which is recovered from a clariier. The dilute waste stream 
is dewatered In a belt press and delivered to a pile where some additional draining occurs. Currently, the 
product Is hauled by truck to a landfill site for disposal. Disposal costs represent a significant expense for the 
mill and exceeds $600,000 annually. These sludge wastes are representatke of high moisture waste materials 
which are generated In similar mills located lhroughout the United States. 

Table 2 summarizes the operating conditions for the various test runs. Temperatures were varied over the 
range of approximately 1215OF to 1450°F. Steam to biomass ratios varied from approximately .75 to 2.6. Test 
run durations typically ranged from four to ten hours. No process operating problems were encountered for 
any of the runs, including those with rice hulls which have a high ash content and low ash fusion point. 

Selected gas compositlons for the various feedstocks are summarized in Table 3. The methane content 

1679 



appears to be relatively constant (8 percent to 12 percent) over the range of feeds and processing conditions 
tested. Higher hydrocarbons show a decreasing trend with increasing temperature and a concomitant increase 
in hydrogen yields. The ratio between carbon monoxide and carbon dioxide appear relatively constant. The 
dry gas heating value typically ranged from 370 to 418 Btu/scf. 

As seen in Table 3, carbon conversion to dry gas ranged from 92 percent to 94 percent for pistachio shells and 
woodchips. Char and tar/oil yields for pistachio shells diminished noticeably with increasing temperature (1.3 
percent at 987OK). Significantly higher char yields were obtained for both rice hulls and paper mill sludge 
wastes, The increase in char yields for rice hulls is probably due to the associated high ash content of this feed 
which tends to inhibit the gasification reaction. The higher char yields for the sludge waste is believed to be 
due to high rates of entrainment exhibited by this fine, fibrous material. Also, since the sludge waste contained 
high moisture levels, vaporization of the feed moisture resulted in gas superficial velocities within the fluid bed 
which were generally higher than for the other feeds tested, thus further exacerbating the entrainment problem. 
It is anticipated that closer control of gasifier superficial velocities and modest recycle of fly ash can significantly 
enhance carbon utilization rates. It should be noted that the char and tar/oil ieveis obtained in these tests are 
comparable to those achieved for similar feeds in other gasifiers which operate at significantly higher 
temperatures. _1c 

CONDENSATE 

Effluent from the gasifier includes condensed steam which contains tar/oil and particulate products. The 
Biological Oxygen Demand (BOD) level for the condensate was measured at 3920 mg/L. However, a 
significant portion of the BOD is in the form of carbon particulate which can be clarified or filtered. Further 
investigation will be needed to determine the achievable quality of wastewater discharge from the gasification 
plant. 

DIOXIN REDUCTION 

A key objective of the sludge gasification trial was to determine the dioxin destruction efficiency of the indirect 
gasifier. Dioxin, which is present in the feed sludge, has been attributed to the pulp-bleaching operation which 
includes a chlorination step. Dioxin levels were measured for the feed sludge, cycloneash. condensate, and 
gasifier bed material. The dioxin feed and effluent results are summarized in Tables 4 and 5. As seen in 
Table 4, the feed sludge contains a total dioxin concentration of 1543 ppt. By comparison, the gasifier ash 
effluent contains only 100.2 ppt of dioxin. including the effect of mass reduction, the net dioxin destruction 
efficiency is approximately 97.5 percent. It should be noted that dioxin concentrations in the gas product were 
not mMSUred. However, the gas condensate showed very low dioxin levels and any dioxin that might be 
present in the gas phase is likely to be destroyed with high efficiency upon subsequent combustion. 

The high destruction efficiency for the indirect gasifier is thought to be attributed to the use of calcium material 
wfihin the fluid bed which selves to absorb HCI released during gasification. and the absence of oxygen in the 
reducing environment of the reactor. 

Recent studies (Ref. Hagenmaler, H., et al) on the occurrence of dioxin in fly ash from waste incinerators have 
implicated a metal-catalyzed dioxin formation reaction which is facilitated by the presence of surplus oxygen at 
a temperature regime of approximately 575°F. Above 1100'F dioxin destruction rates exceeded dioxin 
formation rates. However, at somewhat lower temperatures, it was postulated that a Deacon-type mechanism 
was responsible for the release of molecular chlorine as shown below: 

CaCI, + 'h0, - CaO + CI, 
CaO + 2HCI -+ CaCI, + H,O 

2HCI + 'h02 * H20 + CI, 

Under this assumption, oxygen in the incinerator flue gas reacts with CaCI, or other metal chlorides contained 
in the fly ash to form chlorine which subsequently gives rise to the formation of organochlorine compounds and 
finally dioxins. 

' I  
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These studies further showed that no such dioxin formation occurred in an oxygendeficient (nitrogen) 
environment. On the other hand, dioxin formation increased in an air stream spiked with HCI. 

Eased on this evidence, there is reason to conclude that gasification of chlorinated waste material may avoid 
the dioxin-forming reactions that contribute to dioxin emissions from incineration processes. 

ASH TOXlCiPl 

EP toxicity extract tests were performed on a typical feed, bed and cyclone ash materials. The results of tests 
are summarized in Table 6. The results indicate that cyclone char/ash disposal should not present a problem. 

CONCLUSIONS 

The test results confirmed the ability of the MTCl indirect gasifier to handle a wide range of biomass feedstocks 
including those with high moisture content, low ash fusion temperature, and high plastic materials content. 
Also, product gas quality was shown to be quite insensitiie to feedstock moisture level. 

The gasifier does not require any special feedstock preparation such as pelletization. The gasifier produces a 
medium-Btu gas without the consumption of oxygen. The reactor is easily scaled, since the pulse combustor 
tube bundles are constructed in modules. The gasifier produces a gas with a hydrogen to carbon oxide ratio 
considerably higher than oxygen-blown systems, thus making it particularly attractive for methanol production. 
The gasifier integrates well with both methanol and high purity hydrogen plants. 

The results of these tests have provided a significant data base for preparing designs at the 50 ton/day level 
MTCl will field demonstrate the gasifier at a commercial paper mill in the fall of 1991. 

SCALE-UP AND COMMERCIALIZATION PLANS 

MTCl is currently engaged in the design of scaled up units for 2 ton/hr (TPH) Mack liquor gasification and t 
TPH mill sludge gasification. The 2 TPH black liquor gasifier will be constructed and field-tested in 1991.1992, 
and the sludge gasifier will be constructed and operated in 1991-1992. The list of sponsors of these field test 
plants includes California Energy Commission, Department of Energy, Weyerhaeuser Paper Company, James 
River Paper Co.. and Mead Paper Company. There are other paper companies interested in MTCl technology. 
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T U L E  1 
ANALYSIS F a  FEEDSTOCKS TESTED IN PULSE-ENHANCED INDIRECT GASIFIER 

Recycle Kraft RDF MW 

ULTIIUTE ( I U F  Ranis) Shells Chip Hulls Uaste Sludge Bed Bed 
Plstackio uood Rice M i l l  Fibor M i l l  Sard sard 

Carbon 49.51 kP.33 4P.W 50.00 59.36 46.96 58.20 
HVdrogm 6.18 6.74 6.17 6.55 6.90 7.58 8.42 
oxygen 63.96 43.67 u . 1 ~  42.76 28.02 43.84 26.45 
Sulfur 0.11 0.16 0.04 0.31 1.04 0.86 1 .a 
nitrogen 0.2L 0.10 0.51 0.38 4.68 O.?? 5.30 

Total 100.00 100.00 100.00 100.00 100.00 1OO.DO 100.00 

FEEDSTOCK 

TABLE 2 
OPERATING AND PROCESS CONDITIONS FOR B l W A S S  TEST RUNS 

AVERAGE S T E M  STEAM TO TOTAL 
TEMP. FEED RATE RATE B I W A S S  FEED 

(F)  ( IbIhr) (lblhr) ( IbI lb)  (lbs) 

Pistachio Shells 
Pistachio Shells 
Wood Chip 
Rice Hulls 
Recycle P a p r  M i l l  S l d g  
Kraft M i l l  Sludge Uaste 
RDF (sard bed) 
MW (Sard bed) 
nW (Linestme bed) 

1317 
1216 
1286 
1326 
1250 
1250 
1450 
1410 
1306 

35.5 26.0 0. n 
30.6 31.5 1 .as 
22.9 31.4 1.37 
30.8 26.0 0.84 
17.6 36.5 2.07 
17.6 36.5 2.07 
11.0 29.0 2.64 
12.0 28.0 2.33 
15.2 27.0 1.78 

337.1 
115.3 
205.7 
185.5 
118.8 
2W.6 
66.0 
62.0 
84.0 

TABLE 4 
DIOXIN LEVELS I N  PwEa MILL SLMCE 

FEED AND GASIFIER EFFLUENTS 
(In parts per t r i l l i o n ,  pt) 

DIOXIN imD TmD pmo HxmD nPmD OCDD __-_ -___-_  _ _ _ - _ _ _ _ _ _  _ _ _ _ _ _ - _ - _  -__-..____ _--___--.- ..--.----A --..------ 
FEED SLUDGE 1543 74 33 69 580 150 670 
BED PATERIAL 10.0 MID N r n  WID NIO 2.9 7.2 
NCLOUE ASH 100.2 53 27 14 14 9.5 P.7 
CONDENSATE 0.33 0.23 0.07 WID NID NID 0.33 
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TABLE 5 
DlDXlN AND fURAY AYALVSIS O f  RDP fEEDSTOCK AND 
CVCLDNE U U w l T  ASH IY THE DECEMBER 7, 1 W D  TEST ( n g l g l  

RDf FEEDSTOCK -----_--._-..---__---- 
DETECTION CONCEN- 

L i n n  TRATIOY - - -_____  ._______ 
DIOXINS 

TOTAL TCDD 0.56 M 
TOTAL PecDD 0.76 ND 
TOIAL HxCDD 0 .11  ND 
TOTAL spcw 0.27 
TOTAL DCDD 1 .m 

CYCLONE W G H T  ASH 

DETECTIOY CCUCEN- 
LIMIT TRATlou 

__..____--____________ 

____- - - -  _...--_. 
0 . 0 8 9  M 

0.13 M 
0.091 ND 
0.23 ND 
0.21 M 

FUWS 
TOTAL TmF 0.30 ND 0 . 2 9  ND 
TOTAL PecDD 0.22 YD 0 .13  ND 
TOTAL HXCDD 0.30 ND 0.20 M 
TOTAL H O D  0.23 YO 0.21 M 
TOTAL C O O  0.48 ND 0.13 ND 

= Nor S l p p l i e d  

TABLE 6 
EP TOXICITV UETALS ANALYSIS FOR A TYPICAL GASIFIER FEED AM EFFLUENT 
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TABLE 3 
SELECTED 6AS CMlWSITIONS AND PRODUCT YIELDS FOR BIOMASS AND 

HILL SLMGE TESTS CONDUCTED INPULSE-EMU\NCEO INDIRECT GASIFIER 
RECYCLE RECYCLED KRAn RDF MSU MSU 

PISTACHIO PISTACH10 YWD RICE MILL FIBER WASTE PAPER UILL W D  SAM) LIMESTONE 
s H E L L s S H E L L S ! X E w w P . S T F W l P L A S T l t w - B E e - B E e B E D  
37.86 
18.84 
28.73 
10.65 
-tpt 

100.00 

370 

1317 

94.1 

35.04 
23.43 
25.20 
11.31 

LkQ-2 

100.00 

406 

1216 

92.1 

48.11 42.83 38.86 
22.91 19.67 23.34 
20.18 24.40 23.27 
8.32 11.56 8.31 

AA-LUm 

100.00 100.00 100.00 

329 367 412 

1286 1326 1250 

93.0 niA 86.8 

50.50 
19.26 
20.10 
8.42 

-LLz 

100.00 

364 

I326 

HIA 

52.94 
11.77 
21.94 
8.95 

-Lpp 

98.60 

372 

1250 

56.0 

45.54 55.21 
25.26 28.10 
14.51 5.95 
8.30 5.00 

-Lam 

100.00 100.00 

418 374 

1450 1410 

83.6 93.1 

54.40 
25.46 
5.66 
5.86 

-&ht 

100.00 

448 

1306 

83.8 
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BIOMASS FUELED GAS TURBINE DEVELOPMENT 

Joseph T. Hamrick 
Aerospace Research Corporation 

5454 Aerospace Road 
Roanoke, Vi rg in ia  24014 

Keywords: Biomass Fuel, Gas Turbines, Power Generation 

INTRODUCTION 

Research and development on a 3000 kw wood burning gas turb ine  power generating 
system has progressed to  the  production s tage .  A system using a General E lec t r i c  
a i r c r a f t  de r iva t ive  gas tu rb ine  is being prepared f o r  i n s t a l l a t i o n  a t  Huddleston, 
Virginia.  The generated power w i l l  be sold t o  the  Virg in ia  Power Company. The 
R6D sys tem located a t  Red Boiling Springs, Tennessee, w i l l  be upgraded f o r  ooera- 
t i o n  with the  General E lec t r i c  engine. 
bagasse wi th  good r e s u l t s .  Sorghum and sugar cane promise t o  be major sources of 
f u e l  in t h e  fu ture .  

Sweet sorghum and sugar  cane j u i c e s  a r e  r ead i lv  converted t o  alcohol by yeas t  fe r -  
mentation. Sweet sorghum can be grown throughout t he  United S ta t e s  a s  wel l  a s  the 
t rop ic  and temperate zones of the  ea r th .  These p l an t s  have the  h ighes t  conversions 
of so l a r  energy i n t o  biomass of any of the  spec ies  in the  p l an t  kingdom, substant-  
i a l l y  grea te r  than t r ees .  With the  use of bagasse as a f u e l  f o r  gas turb ines  i n  
the  generation of power, i t  is poss ib le  f o r  t he  income from power s a l e s  t o  reduce 
the  cost  of e thy l  a lcohol  w e l l  below t h a t  f o r  gasoline.  The sorghum gra in  can be 
used for fermentation or food. 
from the turb ine  can be used t o  concentrate t h e  ju i ce ,  make alcohol,  dry the  
bagasse o r  generate steam f o r  i n j ec t ion  i n t o  the  turb ine .  
t o  concentrate the  j u i c e  and dry the  bagasse f o r  vear-round use during the  harvest  
period. 

Growth of sugar cane and sorghum on t he  66.4 mi l l ion  ac re s  of land taken out of 
production i n  the  U.S. between 1981 and 1988 can suuplv enough energv t o  generate 
34 percent of the  power t h a t  was generated i n  1986, enough t o  supply increased 
power demands i n t o  t h e  next century. A t  t h e  cur ren t  rates paid by Virg in ia  
E lec t r i c  Power Company f o r  power generated wi th  renewable f u e l s ,  25.4 b i l l i o n  gal- 
lons  of a lcohol  can be  produced from t h e  p r o f i t s  earned on power s a l e s ,  enough to 
supply gasohol t o  t h e  e n t i r e  na t ion .  

The s y s t e m ,  which can be loca ted  a t  any ooin t  where there  is a power d i s t r ibu t ion  
l i n e  and a sorghum or sugar cane source,  can provide jobs  in the  a rea  and an a l t e r -  
na t ive  crop f o r  farmers while saving b i l l i o n s  of d o l l a r s  on se t -as ide  pavments. 
A t  $20/barrel ,  approximately $8 b i l l i o n  would be saved on the  t rade  imbalance by 
the  reduction of o i l  imports. 

Tests w e r e  conducted with sugar cane 

The high volume, high temperature exhaust gases 

There is adequate heat 

BACKGROUND INFORMATION 

Research on wood burning gas turb ines  was s t a r t e d  by Aerospace Research Corporation 
i n  1978. 
e ra t ing  system a t  a f a c i l i t y  loca ted  in Red Boiling Springs,  Tennessee. 
mill ion d o l l a r s  i n  U.S. Department of Energy funds and a matching amount of p r iva t e  
funds were spent i n  car ry ing  out the program. 
were furnished by t h e  A i r  Force and Naval A i r  Systems Command. A view of the  
research and development f a c i l i t y  is shown i n  f igu re  1. 

It culminated i n  the  operation of an Allison T-56 gas turb ine  power gen- 
Over two 

In  addi t ion ,  gas turb ine  engines 

1686 



FIGURE 1 View Of Facility At Red Boiling Springs, Tennessee 

Operational difficulties which resulted in learning curves peculiar to the system 
such as wood processing, conveying, drying, combustion, ash removal, engine start- 
ing, synchronization with the TVA power distribution grid. and development of 
emergency procedures are covered i n  reference l.* Feeding a pulverized solid into 
a high pressure chamber and dealing with turbine blade fouling presented the great- 
est challenge. An anticipated problem that was most feared at the outset, eroding 
of the turbine blades, never materialized. 
erosion has been detected. The measures taken to resolve the two problems and the 
approach taken with the General Electric LM 1500 gas turbine i n  meeting the prob- 
lems are presented. 

Modem aircraft engines which require very high power to weight ratios are designed 
for high turbine inlet temperatures and high compressor discharge pressures. 
turbine blade cooling techniques, advanced materials, and more sophisticated design 
methods have become available the pressure ratios and allowable turbine inlet temp- 
atures have increased to high levels. As a result, the modern aircraft deriviative 
gas turbines are less suitable for operation with biomass than the earlier models. 
The current need for low turbine inlet temperature and low combustor pressure with 
biomass makes the earlier models more compatible. 
well into the biomass picture. 

In over 1500 hours of operation, no 

As 

The LEI 1500 gas turbine fits 

THE ROTARY AIR LOCk FEEDER 

The rotary air lock feeder is also referred t o  as a rotary valve. 
of a rotary feeder is shown i n  figure 2. 

A schematic view (Wms LOW PRESSURE EM) 

* e ;  ."' AIR VENT 
O Q . 4  0 * . 
O O 1 . . . -  - 
, s o . * - -  '*. .: 
..p,$* ,*t 

e*', ,'<", 
~ O 0 .  . . . ",". 

6. c. 

y I "  ' 0  HIGH PRESSURE END 
FIGURE 2 Schematic Of A Rotary Air Lock Feeder With Eight Wiper Vanes * A list of references is Included a t  the end of the paper. 
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Referring to  f igu re  2, t he  t i p s  and s ides  of the  vanes a r e  f i t t e d  with s e a l s  t h a t  
compartmentalize p a r t i c l e s  fed i n t o  a low pressure  sec to r  f o r  movement around to  a 
zone of high pressure  and thence i n t o  the  combustor. A major e f f o r t  was d i rec ted  
toward development of long l a s t i n g  sea l ing  methods and mater ia l s .  Sawdust is an 
extremely abras ive  ma te r i a l  t h a t  requi res  spec ia l  techniques t h a t  were developed 
in the program. To meet the  130 ps ig  requirement of the  RSD i n s t a l l a t i o n  two a i r  
lock  feeders opera t ing  i n  s e r i e s  proved adequate. To provide conservative design 
margins, i t  is planned to  use two feeders i n  series f o r  the  90 ps ig  pressure  re- 
quirements of t he  Huddleston i n s t a l l a t i o n  as w e l l  a s  in succeeding i n s t a l l a t i o n s  
up t o  6000 kw. 

TURBINE BLADE FOULING 

A t  the ou t se t  of t h e  RSD program repor t s  on work involved with s o l i d s  fueled gas 
turb ine  systems (References 2 through 5) were reviewed a t  length.  
problem with coa l  f i r e d  turb ines  was erosion of the  turb ine  blades.  A secondary 
problem was fou l ing  of the blades.  
Research Laboratory a t  Leatherhead, England (Ref. 2)  i t  was determined tha t  s ing le  
cyclones i n  s e r i e s  adequately cleaned the  ash from t h e  combustion gases t o  prevent 
erosion. Therefore,  it was decided t o  use only s ing le  cyclones i n  t h e  wood burning 
program. As a r e s u l t ,  there  has been no eros ion  of the  turb ine  b lades  i n  the  more 
than 1500 hours of opera t ion  with the  gas turb ines  used i n  the R6D program. In the  
R6D performed by t h e  Aus t ra l ians  (Ref. 3) on brown coa l  i t  was found necessary t o  
l i m i t  t he  turb ine  i n l e t  temperature to 12000F t o  avoid depos i t ion  of ash on the  
turb ine  blades.  
t he re  was no s i g n i f i c a n t  deposit ion at14500F a f t e r  1000 hours of operation with 
black coal.  I n  t e s t s  with pine sawdust i n  ea r ly  operation a t  Roanoke with a small 
Garrett turb ine  no s i g n i f i c a n t  deposit ion occurred a t  1450°F i n  200 hours of oper- 
a t ion .  
necessary t o  pe r iod ica l ly  clean the  turb ine  blades with milled walnut h u l l s  when 
f i r i n g  with a mixture of oak and poplar sawdust a t  14500F turb ine  i n l e t  temperature. 
Above 1450°F t h e  p a r t i c l e s  adhered t o  the  b lades  and could be removed only by 
scraping. 
LM 1500 gas tu rb ine  i n  the  Huddleston i n s t a l l a t i o n  is wel l  below any problem zone 
f o r  deposit ion with sawdust. 

The primary 

In  work performed by the  Coal U t i l i za t ion  

I n  the  RSD performed a t  Leatherhead, England with s t a t ione ry  blades 

I n  tests wi th  the  Al l i son  T-56 a t  Red Boiling Springs i t  was found 

The 1248'F turb ine  i n l e t  temperature needed t o  produce 4000 kw with the  

DISCUSSION OF LM 1500 GAS TURBINE PERFORMANCE 
AND FACTORS FAVORING ITS  SELECTION 

When the advancement w a s  made from the  Garre t t  375 kw gas turb ine  t o  a l a rge r  eng- 
i n e ,  the Al l i son  T-56-9 gas turb ine  se l ec t ion  was made on the  bas i s  of i t s  perceived 
easy adap tab i l i t y  t o  the  system and the  a v a i l a b i l i t y  of used engines from the  U.S. 
A i r  Force. As  t h e  RSD program advanced, i t  became c l e a r  t ha t  t he  turb ine  i n l e t  
temperature would have to  be r e s t r i c t e d  t o  14500F t o  avoid excessive turb ine  blade 
fouling. 
ove ra l l  e l e c t r i c a l  output of 2332 kw. With a 1450°F turb ine  i n l e t  temperature t h e  
output drops t o  1500 kw, a value too low f o r  economical operation. 

A search f o r  a more s u i t a b l e  gas turb ine  from s tandpoin ts  of a v a i l a b i l i t y ,  adapta- 
b i l i t y  t o  wood fue l ing ,  and e l e c t r i c a l  output l e d  t o  se l ec t ion  of t he  General 
E lec t r i c  5-79 gas genera tor  and companion power turb ine .  
a t o r  and power tu rb ine  was given the  designation LM 1500 by General E lec t r i c .  
a i r c r a f t  propulsion the  hot gases leave  the  engine a t  high ve loc i ty ,  p rope l l ing  
t h e  a i rp l ane  forward. 
power turb ine .  A favorable  f ea tu re  of a two sha f t  arrangement, such a s  t h i s  one, 
is t ha t  the  gas genera tor  can opera te  e f f i c i e n t l y  a t  pa r t  load by ad jus t ing  i t s  
speed downward while t he  power turb ine  operates a t  t h e  required constant speed f o r  

The tu rb ine  i n l e t  temperature of t he  T-56-9 is 1700°F a t  i t s  normal ra ted  

The combined gas gener- 
For 

For use i n  power production t h e  hot gases are ducted t o  a 
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power generation. The compressor efficiency is high over a broad range. This i s  
made possible by adjustment of variable stators in the first six stages of the 
compressor. 
flow, rotating stall is avoided and good compressor efficiency is maintained. 
Rotating stall is a phenomenon associated with flow separation on the compressor 
blades as the angle of attack on the blades increases with changes in rotative 
speed and air flow. 
ical operation over a wide range of power production. Detailed information on 
turbine inlet temperature, compressor discharge pressure, and wood feed rate as a 
function of power output was derived from General Electric specification MID-S- 
1500-2. 

Turbine Inlet Temperature - 

By adjustment of the stators to match the compressor speed and air 

Compressor efficiency over the speed range results in econom- 

Figure 3 shows a straight line relationship between 

FIGURE 3 Plot Of Turbine Inlet Temperature Versus Generator 
Output With The G.E. LM 1500 GAS TURBINE At 1000 ft. 
Altitude And Compressor Inlet Air At 700F 

turbine inlet temperature and generator output. This characteristic provides a 
significant amount of latitude in operation with untried species of plants or 
sources of fuels such as clean waste. For example, it can be safely predicted that 
in the worst case the turbine inlet temperature of 1200OF required for a 3400 kw 
output will not result in excessive or difficult to clean accumulations on the 
turbine blades. 
With nost wood species a 7000 kw output probably can be tolerated. 

Compressor Discharge Pressure - Figure 4 shows a straight line relationship between 
compressor discharge pressure and generator output. The primary concern with pres- 
sure is the feeding of solid fuel into the combustion chamber. 
maximum sustained pressure in the RLD system is 130 pounds per square inch. Thus, 
the ability to sustain feeding of sawdust from 3000 kw to approximately 7500 kw is 
assured. 
facility now being prepared for installation at Huddleston, Virginia I s  only 90 
psig. 

Mininum performance guarantees would be warranted in such cases. 

The demonstrated 

The pressure required to produce the 4000 kw projected for the production 
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GENERATOR OUTPUT, KW 

FIGURE 4 Plot Of Compressor Discharge Pressure Versus Generator 
Output With The G.E. LM 1500 GAS TURBINE At 1000 ft. 
Altitude And Compressor Inlet Air At 70°F 

Wood Feed Rate - The wood feed rate In figure 5 is based upon a heat value of 8,200 
Btu/lb for sawdust. The heat value ranges from 8100 Btu per pound for oak to 8,600 
Btu per pound for yellow pine. Green sawdust as delivered from the m i l l  averages 
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FIGURE 5 Plot Of h'ood Feed Versus Generator Output With 
G.E. LM 1500 GAS TURBINE At 1000 ft. Altitude 
And Compressor Inlet Air At 70°F 
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approxlmately 45 percent w a t e r  content.  T r a i l e r s  40 f t .  long normally d e l i v e r  on 
t h e  order  of 25 tons of green sawdust p e r  load. For t he  4000 kw output projected 
f o r  t he  Huddleston f a c i l i t y  f i v e  trailer loads pe r  day w i l l  be  required.  She l t e r  
f o r  approximately f i f t y  t ruck loads w i l l  be needed t o  assure  continued operat ion 
i n  t h e  winter months when sawdust del ivery can be e r r a t i c  due t o  weather condi t ions.  

ENGINE DURABILITY 

A question frequent ly  a r i s e s  as to the  l i f e  of  an a i r c r a f t  de r iva t ive  gas tu rb ine  
i n  s t a t iona ry  power appl icat ions.  The answer is  t h a t  t he  lower power output and 
lower turbine i n l e t  temperature tha t  are projected f o r  t h i s  app l i ca t ion  make f o r  
very favorable longevity f o r  t h e  LM 1500 gas turbine.  
before  overhaul is predictable .  The gas generator  i n  the  s t a t iona ry  app l i ca t ion  is 
never exposed t o  the  extreme power requirements and high tu rb ine  i n l e t  temperatures 
t h a t  e x i s t  during a i rp l ane  take of f .  
i n  s t a t iona ry  appl icat ions i s  adequate f i l t r a t i o n  of t he  a i r  enter ing t h e  compressor. 

A twelve year l i f e  o r  g r e a t e r  

The primary requirement f o r  long engine l i f e  

SUGAR CANE AND SWEET SORGHUM FUELS 

Sweet sorghum which is highly drouth r e s i s t a n t  can supply two t o  three times as 
much f i b e r  energy per  acre  as t r e e s  i n  some a reas  i n  addi t ion t o  the sugar produced 
f o r  a lcohol  and g ra in  f o r  food. 
can be grown, is  even higherthan from sweet sorghum. 
the re  is  no stigma at tached t o  its use as a f u e l ,  as the re  is with trees. 
renewable f u e l  w i l l  r e s u l t  i n  a zero n e t  increase i n  carbon dioxide.  Based on the 
published research r e s u l t s  (Reference 6) fo r  sweet sorghum, the  66.66 mi l l i on  ac re s  
taken out of production between 1981 and 1988 can supply the energy t o  generate  34 
percent of t h e  power generated i n  1986 i n  the  U.S. The annual payment f o r  s e t t i n g  
land aside is estimated t o  be over $5 b i l l i o n .  Much more add i t iona l  acreage can be 
e a s i l y  devoted t o  sorghum a s  an a l t e r n a t i v e  crop. Besides providing f u e l  fo r  elec- 
t r i c  power t h e  grain and sugar can produce i n  excess of 25.4 b i l l i o n  gal lons o f  
e thanol  which equals f i f t e e n  percent of t h e  energy supplied from imported o i l .  
Intensive cu l t i va t ion  of sugar cane and sorghum i n  s t a t e s  bordering the  Gulf of  
Mexico can r e s u l t  i n  t r i p l i n g  these outputs.  . 

The y i e l d  from sugar cane, i n  the a reas  where it 
A fu r the r  advantage is  t h a t  

This 

SUMMARY 

The General E l e c t r i c  LM 1500 gas  turbine has been chosen f o r  use i n  the  wood burn- 
ing power production system because of  i t s  highly compatible performance character-  
i s t i c s ,  t he  ease  with which i t  can be mechanically adapted t o  t h e  system, and i t s  
ready a v a i l a b i l i t y .  Sal ient  points  a r e  as follows: 

1. The 4000 kw power output projected f o r  t h e  production system being readied f o r  
i n s t a l l a t i o n  a t  Huddleston, Virginia  can be achieved with a 12500F turbine i n l e t  
temperature and compressor discharge pressure a t  90 psig.  Both are w e l l  below the  
1450°F turbine i n l e t  temperature and 130 psig compressor discharge pressure found 
acceptable i n  the  R&D program. 

2. 
below the  145O0F turbine i n l e t  temperature and 130 ps ig  compressor discharge pres- 
su re  found acceptable  i n  the  R6D program. 

3. 
engine t o  t h e  ex te rna l  burner required f o r  wood and o the r  biomass fue l s .  

4. 
power turbines  are ava i l ab le  from manufacturers. I n  addi t ion,  a l imited number of 

Power outputs  up t o  7500 kw can be achieved with oak sawdust while remaining 

There is adequate dis tance between t h e  compressor and tu rb ine  t o  adapt t he  

5-79 gas generators  a r e  r ead i ly  ava i l ab le  on the  overhaul and used market. New 
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serviceable complete LM 1500 sets are available for immediate use. 

5. Both the Red Boiling Springs and Huddleston facilities are ideally located for 
demonstration of combined electrical power and fuel alcohol production from sweet 
sorghum. 
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FUEL EVALUATION FOR THE U-GAS. FLUIDIZED-BED 
GASIFICATION PROCESS 

A. Rehmat and A. Goyal 
Institute of Gas Technology 
Chicago, Illinois 60616 
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ABSTRACT 

The gasification characteristics of a solid carbonaceous fuel in the 
U-GAS fluidized-bed gasification process can be predicted by laboratory 
examination of the fuel, which includes chemical and physical characteriza- 
tion, and thermobalance and agglomeration bench-scale tests. Additional 
design information can be obtained by testing the feedstock in the U-GAS 
process development unit or the pilot plant. 

INTRODUCTION 

The Institute of Gas Technology (IGT) has developed an advanced, single- 
stage, fluidized-bed gasification process, the U-GAS process, to produce a 
low- to medium-Btu gas from a variety of solid carbonaceous feedstocks, such 
as coal, peat, woodfiiomass. sludge, etc. The development of the process is 
based on extensive laboratory testing of these feedstocks as well as large- 
scale tests in a low-pressure (50 psig) pilot plant and a high-pressure (450 
psig) process development unit conducted over a period of several years. Up 
to 98% feedstock utilization with long-term steady-state operation has been 
achieved. The testing has provided information related to the effect of 
various gasification parameters, such as pressure, temperature, and steam-to- 
carbon feed ratio, on gasification characteristics of the feedstocks. The 
concept of i n - s i t u  desulfurization by simultaneous feeding of dolomite/ 
limestone has also been established. Reliable techniques have been developed 
for start-up, shutdown, turndown, and process control. The process represents 
the fruition of research and development in progress at IGT since 1974. The 
product gas from the process will be a low-Btu gas that is usable as a fuel 
when operating with air, and a medium-Btu or synthesis gas when operating with 
oxygen. The medium-Btu or synthesis gas can be used directly as a fuel, can 
be converted to substitute natural gas, or can be used for the production of 
chemical products such as ammonia. methanol, hydrogen, and oxo-chemicals. The 
low- and medium-Btu gas can also be used to produce electricity generated by a 
combined cycle or by fuel cells. 

c 

On the basis of the operational results with numerous feedstocks, IGT 
has developed an experimental program for the evaluation of a solid carbona- 
ceous fuel for use in its fluidized-bed gasification technology. 

U-GAS PROCESS 

The U-GAS process employs an advanced single-stage fluidized-bed 
The feedstock, which is dried only to the extent gasifier (Figure 1). 

required for handling purposes, is pneumatically injected into the gasifier 
through a lockhopper system. Within the fluidized bed, the feedstock reacts 
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w i t h  steam and a i r  o r  oxygen a t  a temperature d i c t a t e d  by the feedstock 
c h a r a c t e r i s t i c s ;  the  temperature i s  control led t o  maintain nonslagging 
conditions of ash.  
compositions a t  d i f f e r e n t  points  a t  the bottom of the g a s i f i e r .  The operating 
pressure of the  process depends on the ul t imate  use of t h e  product gas and may 
vary between 50 and 450 p s i .  
rapidly and produces a gas mixture of  hydrogen, carbon monoxide, carbon 
dioxide, water ,  and methane, i n  addi t ion t o  hydrogen s u l f i d e  and other  t race  
impuri t ies .  
of the s u l f u r  present  i n  the feedstock is converted t o  hydrogen s u l f i d e .  

The f i n e s  e l u t r i a t e d  from the f lu id ized  bed a r e  separated from the 
product gas i n  two s tages  of ex terna l  cyclones and a r e  returned t o  the bed 
where they a r e  gas i f ied  t o  ex t inc t ion .  The product gas i s  v i r t u a l l y  f ree  of 
t a r s  and o i l s  due t o  the r e l a t i v e l y  high temperature of the f luidized-bed 
operat ion,  which s impl i f ies  the ensuing heat  recovery and gas cleanup s teps .  
The process y i e l d s  a high conversion, espec ia l ly  because of i t s  a b i l i t y  t o  
produce ash agglomerates from some of the feedstocks and se lec t ive  discharge 
of these agglomerates from the f lu id ized  bed of char .  

FUEL EVALUATION 

The gases a r e  introduced i n t o  the g a s i f i e r  a t  d i f f e r e n t  

Upon introduct ion,  the feedstock is  gas i f ied  

Because reducing conditions a re  maintained i n  the bed, near ly  a l l  

Three s t e p s  a r e  required t o  evaluate the s u i t a b i l i t y  of a po ten t ia l  
feedstock f o r  the process: 

1. Laboratory analyses 

2 .  Bench-scale t e s t s  

3 .  Process development u n i t  (PDU) or  p i l o t  p lan t  g a s i f i c a t i o n  t e s t .  

Laboratorv Analvses 

Table 1 l i s t s  those fue l  propert ies  tha t  a r e  normally determined for  
assessing a s o l i d  f u e l  f o r  use i n  the process. Additional analyses a r e  
performed as required with unusual feedstocks. For example, run-of-mine coals  
with a high mineral  content may require  mineral i d e n t i f i c a t i o n  and evaluat ion 
of the e f f e c t  of high mineral content on ash fusion proper t ies .  

The bulk dens i ty ,  heat ing value,  ash content ,  and elemental composition 
of the organic por t ion  of  the feedstock usual ly  have no d i r e c t  e f f e c t  on the  
behavior of the  feedstock i n  f luidized-bed gas i f ica t ion .  However, they do 
influence the oxygen requirement, the gas y i e l d ,  and the gas composition. The 
higher heat ing value (HHV) i s  a measure of the energy content of the feed- 
stock. I t  r e l a t e s ,  with other  fac tors ,  t o  the amount of oxygen needed to 
provide the des i red  gas i f ica t ion  temperature l e v e l s .  
HHV, more oxygen i s  needed t o  maintain the  g a s i f i e r  temperature a t  an accept- 
able operat ing l e v e l .  
maintain the des i red  temperature leve ls .  

I f  a feedstock has a low 

I f  the HHV is higher ,  l e s s  oxygen w i l l  be required t o  

The ash fusion temperature r e f l e c t s  the ease of agglomeration of  the ash 
i n  the g a s i f i e r .  The f r e e  swelling index (FSI) ind ica tes  the caking tendency 
of the feedstock;  f o r  highly caking feedstocks, a proper d i s t r i b u t i o n  of the  
feed mater ia l ,  as  i t  en ters  the g a s i f i e r ,  i s  c r i t i c a l .  I n  the U-GAS process, 
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I 
the Pittsburgh No. 8 bituminous coal with an FSI of 8 has been successfully 
gasified and agglomerated with overall coal utilization of 9 6 % .  The feedstock 
is generally sized to 1/4-inch x 0 before it is fed to the gasifier. If a 
finer size is available, the fluidization velocity is reduced accordingly. 

To utilize a feedstock today, one needs to know a great deal about it 
prior to purchase. 
airborne emissions standards and the ash content and its constituents to 
ensure compliance with solid waste regulations. 
evolving as new environmental and energy legislation is enacted. 

It is essential to know the sulfur content to comply with 

Other standards are still 

The range of various properties of the feedstocks that have been tested 
in the U-GAS process development unit or pilot plant is given in Table 2. 

\ Bench-Scale Tests 

Three types of bench-scale tests are conducted to evaluate the fuel. 
, 

These bench-scale tests establish a range of operating conditions that can be 
used to plan tests in the process development unit or the pilot plant facili- 
ty, and to perform material and energy balances for the gasifier and estimate 
its throughput. These tests are described below. 

Thermobalance Tests 

The gasification of a solid carbonaceous fuel consists of two major 
steps: 1) initial rapid pyrolysis of the feedstock to produce char, gases, 
and tar and 2) the subsequent gasification of the char produced. (In addi- 
tion, some combustion reactions take place if gaseous oxygen is present; these 
reactions are very rapid.) Because the rate of the second step is much slower 
than that of the first step, the volume of a gasifier (or the carbon conver- 
sion in the gasifier) is primarily dependent on the gasification rate of the 
char. 
the char particles undergoing gasification are exposed to gases consisting 
primarily of C O ,  COz, Hz. HZO, and N2. 

Due to the relatively well-mixed nature of a fluidized-bed gasifier, 

The thermobalance testing is performed to determine a relative reac- 
tivity constant for the feedstock for comparison with the reference coal, 
Western Kentucky No. 9 bituminous coal, which has been extensively tested in 
the thermobalance (Goyal e t  al., 1989) as well as in the U-GAS process. In 
the thermobalance, a small quantity of the feedstock is continuously weighed 
while being gasified at a specific temperature, pressure, and gas composition. 
This measured weight loss data versus time and the thermobalance operating 
conditions and analyses of feed and residue are used to calculate the specific 
relative reactivity constant for the feedstock. The kinetic data, in conjunc- 
tion with the reference coal information, are used to plan tests in the PDU or 
pilot plant. 
hardwood char, peat char, and bituminous coal char, as determined by the 
thermobalance. 

As an example, Figure 2 shows the gasification rate for maple 

Ash-Apelomeration Tests 

Prior to the large-scale testing, the ash-agglomeration tests are 
conducted in the laboratory to determine the possibility of agglomerating the 
feedstock ash in the gasifier. These tests are performed in a 2-inch fluidi- 
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zed-bed reactor capable of operating at temperatures up to 2200'F. Several 
tests have successfully demonstrated that ash agglomerates can be produced in 
this bench-scale unit at conditions that can be related to the pilot plant 
operating conditions. 
close simulation of the pilot plant fluidized-bed dynamics and mixing charac- 
teristics. which are essential for proper ash agglomerate formation, growth, 
and discharge. The tests are generally conducted at different temperatures, 
superficial velocities, gas compositions, and operating times to evaluate 
conditions favoring ash agglomerate formation and growth. 
quantified using size distribution curves of feed, residue, and fines to show 
size growth of particles. 
separation of the +8 mesh fraction (normally 100% agglomerates) in the residue 
and, if required, separation of agglomerates by float-sink techniques for each 
size fraction. 
examined petrographically. A n  example of the test results with different coal 
samples is given in Table 3 .  

Fluidization Test 

A fluidization test in a glass column at ambient conditions may also be 

The 2-inch reactor has a unique grid design that allows 

The results are 

Visual evaluation of the agglomerates includes 

The agglomerates thus separated can be easily photographed or 

conducted to determine the minimum and complete fluidization velocities of the 
material. This information is then translated into the necessary operating 
velocity in the PDU or pilot plant test. 
only if the feedstock is unusual or if the feedstock size is different than 
that typically used (1/4 in. x 0) in the process. This test is conducted with 
the char produced from the feedstock. 

Process Develovment Unit (PDU) or Pilot Plant Test 

The fluidization test is conducted 

IGT has two continuous U-GAS gasification units: 1) The 8-inch/ 
12-inch dual-diameter high-pressure process development unit, which can be 
operated at up to 450 psig and has a nominal capacity of 10 tons per day (at 
450 psig operation), and 2) The 3-foot-diameter low-pressure pilot plant, 
which can be operated at up to 50 psig and has a nominal capacity of 30 tons 
per day. In addition, a 2-foot/3-foot dual-diameter high-pressure pilot plant 
has recently been constructed at Tampere. Finland, and its shakedown has 
begun. Plans are under way to further test various coals, peat, wood and bark 
waste, and pulp mill sludge in this unit. 

A test in the PDU or pilot plant provides the following information: 

It confirms the suitability of the candidate feedstock for the U-GAS 
process. 

It establishes the base design operating conditions as well as an 
operating window for the gasifier. 

Design data for fines characteristics, ash agglomeration 
characteristics, and gas characteristics are obtained. 

0 Estimates for gas quality, gas yields, and process efficiency are 
established. 
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0 Necessary environmental data to define the environmental impact are 
taken. 

Various samples, such as bed material samples, ash discharge samples, 
fines samples, and wastewater samples, are collected and saved and 
provided as needed for use during detailed engineering. 

The PDU testing is recommended where high-pressure gasifier operation 
would be required. Each test in the PDU usually consists of 2 days of opera- 
tion, whereas one 5-day-duration test is usually conducted in the pilot plant 
with the candidate feedstock. During the test, the gasifier is operated in 
ash-balanced, steady-state conditions, during which most of the design data 
are procured. 
son of the feedstock with a similar feedstock or from information obtained 
from bench-scale testing. Depending on the feedstock characteristics, the 
gasifier is operated at a temperature of up to 2000’F and a superficial 
velocity of up to 5 ft/s. 

A detailed test plan is generally prepared based on a compari- 

Numerous solids samples are collected regularly during the test run so 
that accurate material balances can be prepared. 
include the coal feed, fluidized bed, ash discharge, and cyclone diplegs (for 
the pilot plant). Samples from the fluidized bed are also collected and 
analyzed hourly during the test to help the operators determine and maintain 
steady-state operation. 

Process sample points 

All process solids and gas flow streams are measured and recorded. 
Temperatures are recorded for all process streams and at several locations 
within the reactor. 
for bed density and height. 

Redundancy is provided for the reactor pressure taps used 

A product gas sample stream is drawn continuously from the gasifier 
The chromatograph system provides freeboard for chromatograph analysis. 

accurate on-line analysis for CO. C02,  C H q ,  H2, N2, H20’and H2S. 
graph sequencing is microprocessor-controlled for flexibility in the scope and 
frequency of the analysis. 
bombs for later laboratory analyses. 

The chromato- 

The product gas samples are also collected in gas 

Special sampling and instrumentation are available for complete chemical 
characterization (organic compounds as well as trace elements) of the product 
gas and wastewater streams. 
satisfy environmental permitting requirements and for proper design of down- 
stream processing equipment. Equipment is also available for determination of 
product gas dust loading after one, two, or three stages of cyclone separa- 
tion. 

Test results of this nature are necessary to 

These units use a microprocessor-based data acquisition system to ensure 
accurate, timely, and reliable collection of all process data of interest. 
About 8 5  process data points (temperature, pressure, flow, etc.) for the pilot 
plant and about 40 data points for the PDU are scanned repeatedly throughout 
the test. 
repeated at 3-minute intervals. The reactor operating status, including 
various flows, pressures, temperatures, and velocities (grid, venturi, bed, 
freeboard, cyclone), bed density, bed height, etc., is calculated and dis- 

A full scan is completed in approximately 10 seconds and is 
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played on the computer CRT screen. The data are stored on magnetic tape in 
both raw signal and converted form. 
and an hourly average report of all data points and the operating status is 
automatically printed in the control room; in addition, a shift report is 
printed every 8 hours to allow a shift engineer to review the operation of a 
previous shift. 
tion system as an operating tool. 
aid the operators in the approach to and confirmation of steady-state opera- 
tion. This results in more steady-state operating time, and therefore more 
useful design data, per test run. 

The converted data are averaged hourly, 

Particular emphasis is placed on the use of the data acquisi- 
Specialized programs have been developed to 

The details of the PDU system and some test results are given by Goyal et 
al., (1989, 1991). The details of the pilot plant system and some test 
results are given by Goyal and Rehmat (1984. 1985). 

In September 1989, IGT entered into a licensing agreement with the Power 
Industry Division of Tarnpella, Ltd., Tampere, Finland, which will result in 
the commercial application of the process. Tampella selected the pressurized 
fluidized-bed technology because of its versatility and applicability to a 
wide variety of feedstocks, including coal, peat, forestry waste, etc. As a 
first step toward commercialization, a 10-MU pressurized (450-psi) pilot plant 
has been designed and constructed at Tampella's RhD Center in Tampere, 
Finland. Various coals, peat, wood and bark waste, and pulpmill sludge will 
be tested in this unit. To demonstrate the application of the technology to 
the Integrated Gasification Combined Cycle (IGCC), a detailed engineering of a 
650-ton/day plant will begin in 1991 and will be commissioned in 1993-1994. 
Tampella also plans to demonstrate its IGCC process in other parts of the 
world, including the United States. 
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Table 1. LABORATORY ANALYSES OF THE FUEL 

Proximate Analysis 
Ultimate Analysis 

Higher/Lower Heating Value 
Bulk Density 
Particle-Size Distribution 

Grindability 
Equilibrium Moisture 

Free Swelling Index 
Ash Fusion Temperatures (Reducing Atmosphere) 

Ash Mineral Analysis 

Table 2 .  RANGE OF FEEDSTOCK PROPERTIES 
TESTED IN THE U-GAS PROCESS 

Moisture,* % 

Volatile Matter,** % 

Ash.** % 

Sulfur,** % 

Free Swelling Index 
Ash Softening Temperature, "F 

Higher Heating Value,** Btu/lb 

* As received 
** Dry basis 

0.2 to 41 
3 to 69 

6 to 78 
0.2 to 4 . 6  

0 to 8 

1980 to 2490 

2,330 to 13,630 
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Coal 

FC-1 

FC-1 

FC-2 

FC-2 

FC-3 

FC-4 

FC-4 

FC-4 

KY #9 

Table 3. 2-INCH ASH-AGGLOMERATION TESTS WITH VARIOUS FEEDSTOCKS 

Run 
Temp. , 
'F 

1985 

2100 

1990 

1988 

2080 

1960 

1920 

2000 

2000 

Char 
Initial 

31.5 

31.5 

45.5 

45.5 

45.4 

15.5 

20.9 

15.5 

51.0 

Run Fluidizing 
Time, Velocity, 
h ft/s 

2.0 1.0 

1.5 1.5 

1.0 1.5 

1.3 1.5 

2.5 1.5 

1.0 2.1 

3.0 1.5 

2.5 1.6 

1.3 1.5 

1700 

Comments 

Sinter particles plus 
some agglomerates 

Agglomerates formed, 
little or no sinter 

Small agglomerates present 

Larger agglomerates found 

Agglomerates formed 

No agglomerates found 

Small agglomerates found 

Greater number of large 
agglomerates 

Many agglomerates produced 
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Figure 1. SCHEMATIC DIAGRAM OF THE U-GAS GASIFIER 
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TEJUl?IENl’ OF IKlNICIPAL SOLID W A S T E  (MSW) BY TtIB IIYDROCARB PROCESS 
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Upton, NY 11973 

Keyvords: Solid waste, carbon, methanol. 

INTRODUCTION 

It is now generally known that the municipal solid waste problem has become an 
ever increasing problem in populated areas in the U.S. 
standard of living manifested by a vast array of consumer goods has added to the 
problem of disposal of industrial and municipal solid waste (MU). 
disposal sites around metropolitan areas have become exhausted SO that tipping 
fees are soaring. 
burn plants. 
recycling and resource recovery. Because separated waste is market demand 
dependent, the cost of recycling is highly time and location variable. 
there are a number of municipalities that pay carters to remove and transport 
recyclable the waste to other locations which instead of becoming s source of 
income becomes a liability. 
remainder being glass, metal snd kitchen waste. Industrial waste includes paper, 
wood and used rubber tire discard. 

The increase in the 

The land-fill 

Municipalities are opting for more waste incineration or mass- 
Legislation is being passed to require separation of waste for 

In fact, 

MSW roughly consists of 50% paper and plastic and the 

The most traditional waste disposal method is incineration. The modern and 
improved method for the same process is now termed mass-burn. In some cases. the 
energy generated is used to produce steam for electricity generation which can be 
sold, and therefore constitutes a positive value. 
mass-burn plant generates potentially polluting gaseous and solid residue ef- 
fluents. 
worrisome pollutants and has caused the shutting down of e number of incinerator 
plants. There are other gaseous pollutants, including volatile refractory 
organics, chlorine containing compounds, and particulates from plastic and organic 
waste. 
from incinerators is also a problem which still requires landfilling or other 
methods of disposal. 
eventually contaminate the aquifers. 
forbidding the use of materials which do not degrade and tend to remain in long- 
term storage in the landfill. such as plastics. A number of communities are 
outlawing disposable plastic products and appear to be returning to paper bags and 
containers. Much effort is also going into developing biodegradable plastics. 
Whether this is a sound environmental solution is yet to be determined. 

KYDBOCARE WASTE PROCESS 

The problem here is that the 

In the gaseous effluent, dioxin has been one of the most elusive and 

The chemical and biological activity in the remaining solid ash residue 

There is concern that leachates from incinerated ash w i l l  
Municipalities are also passing legislation 

The HYDROCARB Process offers a viable alternative. The process was originally 
conceived for the 
clean carbon fuel.P1.z) However, the process can operate as well with virtually any 
carbonaceous raw material and certainly a large fraction of nsw qualifies as a 
carbonaceous material. 
be used primarily as premium clean fuels as well as for the commodity market. The 
process depends on two basic steps, (1) the hydrogenation of coal to form a 
methane-rich gas while leaving the ash behind and (2) the thermal decomposition of 
the methane-rich gas to form carbon black and hydrogen which is recycled. 
excess hydrogen and oxygen from the co-products can be a hydrogen-rich co-product 
which can either be hydrogen, methane, methanol or water. 
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urpose of processing our vast resources of coal to produce a 

The process is new and unique and the products formed can 

The 

Figure 1 shows a 
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schematic flov with alternative feedstocks, coal, vood o r  H S W  and with CO- 

feedstock additions. 

Figure 1 gives a schematic of the process l i s t i ng  various feedstock materials, 
additives and co-products. 
only raw material used is the carbonaceous material. 
operate the process is relatively small. The overall reaction is thermally 
neutral. 
burning fue l  and can also supply the market for vulcanization of rubber for 
automotive t i r e s ,  pigment for  inka and paints and for lubricants. 
hydrogen-rich gas can primarily be used as a burner fuel and the methanol as an 
automotive fuel,  o r  as a commodity chemical, o r  can even be converted to gasoline. 
The process is fundamentally different than mass-burn in  tha t  it operates i n  a 
reducing atmosphere rather than in  an oxidizing atmosphere and it is run in a 
closed system under pressure. 
perhaps even somewhat lover than in mass-burn incinerator plants. 
elevated operating pressure and reducing atmosphere, no dioxin can be formed and 
a l l  the oxygen containing organic material is reduced t o  carbon and methane and 
any metals that  may be present i n  the vaste are kept i n  the i r  reduced s ta te  as 
opposed to  mass-burn where the metals can become oxidized. The following des- 
cribes how the process can be effectively used in  processing MSW and the economic 
dynamics of the process. 

The process can be made very e f f ic ien t  because the 
The energy required to  

The primary product is always carbon black vhich can be used as a clean 

The co-product 

Temperature conditions a re  about the same o r  
Because of the 

The process can be used with either separated or non-separated waste. To 
simplify the example and avoid discussion of head-end costs,  we w i l l  give examples 
of the process operating on separated waste. 
paper and p las t ic  and we can include rubber tires for t h i s  example. 
is essentially produced from wood, the process can be represented by the following 
chemical stoichiometric formula, 

Thus, the main MSW feedstock is 
Since paper 

limiting the products t o  carbon and methanol. 

CH,.L1OO.M + 0.44CH,5 + 0.14CH4 - 0.92C + 0 . 6 6  C OH 
paper + plastic'  + nat. gas - carbon + methan3 

methane black 

Notice that the formula for plastic contains only C and H. like rubber and 
The oxygen containing material i n  paper is i n  the form of hemi-cellu- methane. 

lose. 
amount of p las t ic  is 25% of the weight of paper. This can be changed for  specific 
s i t e s  and the mass balance adjustment can be made by varying the amount of natural 
gas added. 
area where the vaste is being processed. We nov have t o  s e t  the production 
capacity of the plant.  
3,000 T/D capacities in and around metropolitan areas. Of course, around New 
York, fo r  example, it might be worthwhile building a 10,000 T/D o r  more of waste 
paper and p las t ic  HYDROCARB plant. 
spread applications, ve w i l l  f i x  on a 3,000 T/D H S W  processing capacity vhich 
vould contain 2 . 4 0 0  T/D paper and 600 T/D plastic.  

We now calculate that  t o  run th i s  plant, we have to  add 226 T/D of natural gas 

The above equation is based on an assumed HSW composition such that the 

The gas can be purchased from the local gas company i n  the particular 

Mass-burn incinerator plants have been bu i l t  i n  the 2,000- 

Hovever. for th i s  and generally more vide- 

from the natural gas pipeline company's distributing company. 
equivalent t o  10.7 million SCF/D of methane, vhich muat be purchased from the gas 
company. 

ECONOMICS 

This natural gas is 

The separated H S W  is thus co-processed with natural gas. 

Ue now must estimate the capital  investment of the plant. We can obtain this 
estimate by scaling down from a large plant ve estimated i n  de t a i l ,  operating on 
25,000 T/D of coal. Because th i s  is a volumetrically controlled process. we can 
scale it by the well known 0 . 6  power factor of capacity. The 25,000 T/D plant 
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making carbon and methanol from coal is estimated to cost $800 x lo6. 
3,000 T/D waste plant will cost: 

Thus, the 

We can now calculate a selling price for the carbon black fuel and methanol 
The financial parameters operating on the capital investment are as co-product. 

follows: capitalization 80% debt/2O% equity. 20 yr depreciation, 11% interest on 
debt, 25% return on equity (ROE) and 38% tax on ROE before taxes. 
a 21.9% annual fixed charge operating on the total capital investment. 

This results in 

We assume a high natural gas cost from the gas company of $S.OO/MSCF which 
equals a cost of $0.119/lb CH4. 
21.9% fixed charges on the $200 million capital investment. 
the E price of the MSW value of the waste taken from the municipality, which can 
range from a negative value, in which case the community pays the processor to 
take the waste away, to a positive value in which case the processor pays the 
community to acquire the waste for processing. 
breakeven G price for the waste in $/Ton in Table 1, assuming we obtain 
$5.00/%MBtu for the resulting fuel products. 

We then add operation and maintenance cost and the 
We can now calculate 

We shall first calculate a 

TABLE 1 
HYDROCARB WASTE PROCESSING PLANT 

Plant Factor 90%, Efficiency 90%. capacity 3,000 T/D 
Production Capacity of Fuel - 11,000 Bbl/D Fuel O i l  Equivalent 

production Cost $ /Dav 

Waste Cost - 3,000 T/D x $G/Ton 

Nat. Gas - 0.119 x 226 x 2.000 - 53.000 

Op h Maint - 3.000 x 120,000 
25,000 
0.219 x $200 x lo6 

328 Fixed Charges - 
20,000 

133,000 

206,000 + 3,000 G 

Thus, 
206,000+3,000 G - 0.9 x (3000+226 T/D) x 2 2 . 9  MMBtu x &QC! 

Ton HMTU 

Solving for G - $41.50/Ton; this is what the processor can afford to pay the 
town for taking the MSW for processing and while still obtaining a 25% return on 
equity. 

The above is based on a fuel value for a C-methanol composition makeup mixture 
of 34.3% carbon in 65.7% methanol by weight. 
of this C-methanol slurry which is equivalent to 11,000 Bbl/D of fuel oil equiva- 
lent. 

The plant produces 700,000 gal/Day 

If we assume the processor obtains the waste from the town free, so that 
G - $O/Ton. we can then calculate the selling price of $3.10/MMBtu for both 
productg carbon and methanol. This is equivalent to $18.70/Bb1 oil or $0.44/gal. 

Now if the town pays the processor $25/Ton to cart the waste away (as some 
towns on Long Island have already done), then the selling price for carbon and 
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methanol can come down to only $2.OO/MMBtu which is equivalent to $12.00/Bbl fuel 
oil equivalent or $0.28/gal while maintaining a reasonable return on the invest- 
ment equity. 

At $2.50/MMBtu which is highly competitive with oil at $15.00/Bbl. the town 
would only have to pay $13.50/Ton to a processor to take it away. 

The conclusion is that even at a waste capaciry of 3,000 T/D and an investment 
of $200 x lo6, the processor can sell the carbon and methanol as a clean burner 
fuel for domestic and industrial boilers, as well as for diesel and turbine 
engines at an economically attractive price. 
the processor selling the methanol and carbon at a higher price to the chemical 
commodity market so that the cost of waste disposal would even bring a profit to 
the town by selling the waste to the processor at a higher price. 

Additional return can be obtained by 

The above indicates that the HYDROCARB Process for the disposal of MSW is 
highly attractive and should be taken up for development on a fast track schedule. 
Because this process utilizes natural gas for co-processing waste in a reducing 
atmosphere, not only is the process environmentally acceptable but is potentially 
economically attractive and thus it should be worthwhile to develop this process 
in conjunction with a municipality that is generating the waste. 
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INTRODUCTION 

In the early 1980's, developments in California created opportunities for aggressive developers. 
The California Public Utilities Commission (CPUC) ordered the states utilities to sign power 
contracts with anyone willing to pay a nominal fee. A range of contract types were ordered. 
Amongst them was the Standard Offer No. 4 (SO4) type contract which calculated payments on 
avoided costs that utilities would have incurred had they installed new capacity. The 504 contract 
resulted in very attractive payments for both capacity and energy. Before the CPUC rescinded 
the SO4 contract, nearly 12000 h4W were signed up for by developers. Many of these contracts 
were for small power plants less than 50 h4W in size. By staying below 50 MW, review of permits 
and need by the California Energy Commission was not required. And in most cases, plants 
burning solid fuels sized less than 30 M W  could avoid US EPA review under the Prevention of 
Significant Deterioration (PSD) regulations. 

Combustion Power entered this market with a hybrid circulating fluidized bed boiler. The system 
uses the positive attributes of a bubbling/turbulent bed combined with a bed-solids circulating 
loop to develop system performance and emissions profiles which possess substantially enhanced 
performance characteristics. First commercial operation of the technology was December 1986. 
At present, a total of 12 units are operating or under construction for a combined steam 
generation capacity of about 2,500,000 Ib/hr (300 MWe). These FI C I R P  boilers are designed 
to bum coal and/or a variety of waste fuels having sulfur levels of up to 5.0% and nitrogen up 
to 3.0%. SO, is controlled in typical fluidized bed combustor fashion by introducing limestone 
into the bed. NOx control, where required such as in California, is attained using a Combustion 
Power proprietary ammonia injection technique which was developed specifically for the 
California applications. 

DESIGN CONCEPT 

The hybrid approach was created by the need in California during the early 1980's to design a 
solid fuel fired boiler that could meet the very stringent emissions standards in that state. The 
emissions standards for NOx and SO, were typically 0.05 lb/mmBTU for both pollutants. These 
levels are 5% and 8% respectively of today's Federal EPA New Source Performance STandards 
for and NOx. 

Combustion Power has acquired sigruficant fluid bed R&D and operational experience since 1970. 
This experience, combined with the experience of others, convinced us that the best technical 
approach for a "California" fluid bed boiler was a hybrid combination which could meet the 
following design criteria: 

9 

Fluidized Bed Combustor, Waste Fuels, Boilers 

Meet or exceed the most stringent Sq, NOx and CO emissions standards. 
Have reliable scale-up from pilot plant data. 
Be largely shopfabricated for low cost field fabrication. 
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Figure 1 is a chart that is often used to classify the three major dasses of fluid bed technologies 
by degree of fluidization. The chart is a plot of superficial gas velocity versus bed expansion with 
a comparison made between mean gas velocity (gas passing unhindered through the solids bed) 
and mean solids velocity. As the differential (slip velocity) decreases between these two velocities, 
the degree of bed expansion &e., solids carryover) increases to the point where the solid particle 
passes unhindered through the process. 

Over the range of this expansion there is Type A, classical bubbling bed; Types B and C, 
circulating fluid beds; and Type D, transport reactors. As depicted, there are four types of beds 
in these three categories, with two being arculating beds. 

At low veloaties the Type "A" bed has a defined fluidized-solids/freeboard interface that is 
readily visible. A very high proportion of product solids is discharged from the bed via a gravity 
overflow or underflow technique. This is the well known bubbling bed concept. 

Higher gas velocity creates a higher rate of particle elutriation (carryover). Also the fluidized- 
solids/freeboard interface becomes less defined. This is a Type " B  bed, often called a turbulent 
layer bed which is the bed closest to a FI CIRCm combustor. This bed typically elutriates over 
50% of its incoming solids to the recirculation cyclone for enhanced particle reprocessing. In a 
fluid bed boiler this reprocessing means improved carbon bumout and lime sulfation. 

The Type " C  circulating bed differs in that much higher gas velocities are used. Extensive 
product recycling creates a condition known as particle "clustering". These clusters have much 
higher transport velocities which explains the greater slip veloaties at increasing solids 
throughput. 

Both Type " B  and "C" beds are considered true circulating fluid beds due to their greater solids 
elutriation and subsequent extensive recycling via cyclones when compared to Type "A". It is 
important to remember, however, that both "B' and "C" still retain a dense lower bed relative to 
the lower density upper zone. In some respects this dense lower bed is similar to a bubbling bed 
but with much greater gas-solids heat and mass transfer. 

A key difference between the FI CIRCm design and Type "C" beds is the utilization of multiple 
small-diameter, high-efficiency cyclones to recycle a larger cut of fine particles contained in the 
elutriated solids. Type "C" beds typically utilize only one or two large diameter cyclones, which 
do not have as small a fine particle DpB as a smaller diameter cyclone. Typical DpB for these 
larger cyclones is over 75 microns, whereas the FI CIRCm cyclone Dps0 is 15 microns. 

Since a signihcant portion of unsulfated calcium oxide and carbon particles are found in the larger 
particle cuts, the FI CIRCm cyclones will recycle the majority of those particles that need to be 
recycled. The net result is that FI CIRCTM attains the same or better degree of fuel carbon burnout 
(98 to 99.5+) and lower Ca/S ratios (1.6 to 1.8 at 90% So, suppression) at much lower solids 
recirculation rates than the Type " C  bed. 

The cyclones are critical in FI CIRCm, as with any circulating bed design, since they greatly affect 
carbon burnout and lime utilization. But with FI CIRCm they serve the extra function of 
constantly "doping" the lower bed with a large portion of small particles. It is this "doping" that 
creates the fine bed particle size average of 300 to 600 microns. With this fine bed average particle 
size a significant portion of the bed is elutriated, even at velocities of 3-6 ft. per second. 

This "doping" also creates a dense bed having a fluidized bulk density of 40 to 60 lbs/fP. it is 
well know that decreasing solids fluidized bulk density decreases the bed side heat transfer 

Designed for ease of maintenance and minimal erosion potential. 
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coefficient. Increased fluidized bulk density increases the heat transfer Coefficient. At these high 
densities, the bed side heat transfer film coeffiaent is typically over 100 Btu/hr-ffF. 

Fl CIRCTM, with its higher heat transfer rate and denser combustion bed using in-bed tube 
bundles, controls steaming rate by pneumatic removal of bed solids into an external bed material 
silo. By dropping bed level and exposing tube surface, the steaming rate drops. A one-inch drop 
in bed level has a noticeable effect in steaming rate. 

Because small bed level changes result in noticeable steam rate change, it is possible to maintain 
boiler MCR (Manufacturefs Continuous Rating) SO, CO and HC emissions levels as low as 60% 
MCR. All of these pollutants require residence lime (bed depth) in an oxidizing mode to be 
thoroughly abated. Since bed level does not greatly change, FI CIRCm can therefore maintain 
excellent emissions levels at low MCR ratings. 

In summary, the FI C I R P  fine particle recycling technique gives this design the flexibility to: 

Obtain very turbulent dense bed heat and mass transfer equivalent to higher velocity 
circulating bed designs without the high velocities or increased solids recirculation ratio 
and consequent erosion potential: 

Capture the fine particles and introduce them into the lower dense bed, thereby enhancing 
carbon burnout and greatly improving sulfur capture while also reduang lime 
consumption. 

Introduce a very high and stable bed side heat transfer coefficient which allows for 
accurate steaming rate control over a wide MCR range without sacrificing fuel efficiency 
or emissions control. The design overall heat transfer coeffiaent (Uo) is greater than 65 
BTU/hr-f?-F and is constant within 6C-te10096 of MCR. 

Permit combustion of low ashing fuels such as petroleum coke and wood waste without 
the need for either supplemental or costly bed makeup. 

Create a fine particle bed which at lower velocities is much less likely to erode critical in- 
bed metal components and refractory. 

Figure 2 is a CrOSS-SdOMl view of a typical FI CIRCTM fluid bed boiler and depicts many of the 
key design features. These features are: 

A standardized modular design, whereby each design "module" consists of: 

- one cyclone and dipleg 
- five fuelguns 
- four in-bed tube bundles 
- 112 ff of tuyere area. 

Each "module" is capable of generating 25 KPPH to 40 KPPH of steam, depending on fuel 
and emissions standards. Each boiler, regardless of size, utilizes these "building block" 
modules to reduce scale-up variances. The FI CIRCm pilot plant has a 4 ft2 bed area so 
the maximum process scale-up factor for any size boiler is 112 ff + 4 ff or 281. 

Under bed above-stoichiometric air introduction to ensure unifonn fluidization and 
complete combustion burnout in the lower zone where boiler water evaporation and sulfur 
removal control are critical. An oxidizing lower bed elimiites reducing gas initiated 
metal corrosion and ensures complete s$fw capture. 
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Patented flat plate directional flow tuyeres which continuously move unfluidized partides 
to the gravity bed drain. This ensures optimal air introduction, fuel/air mixing and 
emnat ion of gas "jetting" with subsequent solids impingement on metal surfaces. 

pneumatic fuel guns which positively and accurately introduce fine sized solids fuels 
under-bed, thereby enhancing fuel/air contact. 

Air swept spreaders or gravity drop pipes, which evenly distribute coarse particle fuels 
above-bed. 

Flanged, removable in-bed heat exchanger tube bundles which are located in the upper 
region of the dense bed to ensure uniform oxidation and minimize erosion. The upper bed 
placement also allows for quick and easy startup and fine steam rate control "on-therun". 
They are also designed to be removed, turned over, and rotated, thereby extending wear 
life. 

A high freeboard region allows for coarse particle disengagement, thereby reducing 
refractory erosion in the cyclones. The freeboard also provides for final burnout and 
temperature stabilization which is required for good NOx removal without proprietary 
ammonia injection system. 

Multiple, small diameter, high efficiency cyclones which recycle fine particles (Dpso = 15 
microns) of unburned fuel and undersulfated lime particles into the lower dense bed via 
gravity diplegs. 

Forced circulation water flow through the tube bundles to ensure nucleate boiling in the 
evaporators. The net result is a low height profile, bottom supported fluid bed boiler. 

FUEL PROPERTIES 

Since 1977, Combustion Power has converted waste or low grade fuels to useable energy using 
fluidized bed combustors. Previous to then, the company was primarily doing research and 
development in the area of waste-teenergy conversion. Earliest work was with conversion of 
municipal solid waste processed to refuse derived fuel (RDF). A 100 TPD pilot plant was 
operated during the 1970's with continued work in a smaller unit through 1985. The pilot plant 
work consisted of pressurized fluidized bed combustion, atmospheric fluidized bed boiler 
development, and oxygen blown gasification. Typical RDF properties were as shown on Table 
I. Numerous other waste and low-grade fuels were burned in various Combustion Power 
Company pilot scale fluidized bed combustors, including high sodium North Dakota lignite, Texas 
lignite, pulp and paper industry sludges, wood wastes, waste oils, aircraft paint stripping wastes, 
etc. 

These experiences with waste fuel combustion influenced design of the FI CIRCTM boiler. Low 
fluidizing velocities (high residence times) and high rates of solids recirculation are two examples 
of this. Currently operating or in construction boilers are being fired with or designed for, 
ponded coal fines, delayed petroleum coke, fluid petroleum coke, pat, mixed industrial wastes, 
log yard debris, pulp and paper sludge, municipal sludge, and rubber tires. Typical properties 
of some of these fuels are shown on Table 11. 

EMISSIONS CONTROL 

Aside from particulates, there are four major gaseous species which are of most concern today: 
SO,, NOx, HC and CO. 
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The FI CIRCm system utilizes the principle of temperature, time and turbulence to effect extensive 
and cost efficient reduction of all these pollutants. SQ is controlled by the addition of calcium 
carbonate (limestone), bed temperature control, excess air, and dense bed height. CO and HC are 
controlled by operating temperature, excess air, and dense bed height. NOx is controlled by the 
addition of ammonia with gas temperature control. 

All of these pollutants have temperature control in common and it is within the FI CIRCm 
combustion region that the optimum range of temperatures is found. The optimum temperature 
range to remove each pollutant is as follows: 

NOx with NH, reductant 
So, with limestone: 
CO with excess air: 
HC with excess air: 

1500 - 1750°F 
1500 - 1750°F 
above 1600'F 
above 1550°F 

Therefore the best temperature operating range is 1500 to 1600°F in the combustor bed and 1550 
to 1650°F in the freeboard. The uniform temperatures long residence times at the proper 
temperatures and good solids-gas mixing are the key reasons why fluid bed combustors 
outperform older solid fuel combustion techniques, such as stokers and pulverized coal systems. 

SO, is controlled by the chemical absorption of So, with active calcium oxide primarily in the 
fluidized dense combustion bed. Some removal also occurs in the freeboard region. There are 
several simultaneous chemical reactions which occur to effect SO, removal. 

CxHyOzNiSj + O2 --> C Q  + H20 + N2 
Fuel Combustion --> CO + NOx + sO,/sO, + HC 

+ ash and char 
The SO, portion is absorbed by calcium oxide after the calcium oxide is first formed by calcination 
of limestone: 

ca co, -> CaO + CO, 
cao +SO, + 1/2 0, ---> Cam, 

The conversion to Caw, does not occur unless oxygen is present. Also it is critical that the dense 
bed temperature remain below 1700°F to minimize calcium consumption. With FI CIRCm, the 
important Ca/S ratio is optimized via several techniques. 

Dense bed temperature control below 1700°F using in-bed heat exchange tube bundles. 

A dense bed high enough and operating at a low enough gas velocity to ensure excellent 
gas/solids contact time. 

Excess oxygen in the combustion zone to "drive" the sulfation reaction. 

Extensive fine particle recycling to ensure that eluhiated and ~ ~ e a c t e d  CaO is given 
another opportunity to sulfate. 

The above techniques yield not only very low So, emissions levels, as high as 98% suppression, 
but do so at very economical Ca/S ratios. Figure 3 depicts the relationship in a FI CIRC system 
between Ca/S ratio and SO, suppression. 

In fluidized bed combustors operating at temperatures of 1700F or below, NOx is generated by 
the combustion of fuel-bound nitrogen. This NOx is destroyed by ammonia injected into the 
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freeboard region at the proper residence time and temperature according to the following 
reactions 

4 NH, + 4 NO + 9 --> 4 Nz + 6 HZO 
4 NH, + 2 NO + 2 9 -> 3 Nz + 6 HzO 

Excessive ammonia introduction will create "ammonia slip" which is free ammonia leaving the 
stack as well as increasing CO production. This later relationship is as depicted on Figure 4. NOx 
control, as practiced by Combustion Power, is proprietary. This is due to the careful control 
required to ensure that NOx is indeed destroyed without undesired side effects, such as CO 
production and ammonia slip. 

Both CO and hydrocarbon emissions are controlled by temperature and excess air: 

HC + Oz ---> COZ + H2O co + 1/2 0 2  ---> CQ 

As  with SO, control, these pollutants are controlled in the F1 CIRCm boilers by: 

Dense bed temperature control using in-bed heat exchange tube bundles. 

A dense bed high enough and operating at a low enough gas velocity to enhance gas/ gas 
reaction times. 

Excess oxygen in the combustion zone to essentially complete the oxidation reactions. 

Careful ammonia injection control to minimize CO production. 

This extensive emissions control technology has resulted in California FI CIRCm plants being 
permitted at vexlow SO, NOx and CO levels. Of the 33 fluid bed boiler plants in California, 
1 /3 are Fl CIRC 

Table I11 shows permitted and actual emissions from six petroleum coke fired plants in southern 
and northern California. 

systems. 
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TABLE I: REFUSBD DERlvED FUEL CHARACTERlSllCS 
(wmpmttion on a dry beds7 

HedtingVnlue ML 083Btullb) 
Btul lb  

w t %  
(mean) (01 

Ash 1836% a s % )  
C 41.66 (1.25%) 
n 5Al  (023%) 
N .74 (0.17%) 
a 37 (0.10%) 
s .w (0.09%) 
0 m o  0.12%) 

*Based on I I  samples tdm mer 6 mo. Mod with average moisture wntent of 26% 

....... 
TABLE 11: TYPICAL WASTE FUEL PROPERTIES 

POnded nuld MLxeddInd Wccd Munidpnl Rubber 
Ropeav CoalFInes z&?e Petcoke Peat Wastes Wastes Sludge Tires 

Moisture, wt% 15.0 
Volaliles, wt% NA' 
Ashbherts,wt% 255 
Ultlmate Anal, wt% 

C 452 
H 3 3  
0 9.7 
N 0.6 
S 0.6 
a 0.1 

3.1 
9.0 
02 

86.0 
3.6 
05 
1 A 
5 2  
0.04 

024.8 37.6 
4.7-6.4 35.9 
02-03 1.9 

90.92 N A  

0.4-12 N A  
23-3.0 NA 
2.735 0 3  
0.4-12 NA 

1.8-22 NA 

35 5 0 7 0  0.5 
35 45 N A  623 
8 1.5 N A  5.7 

N A  255 583 832 
N A  2.9 8.5 7.1 
N A  198 22.9 2 5  
2 0.1 8.8 03 

N A  02 1.6 12 
N A  N A  N A  N A  

Higher Heating 
Value, Btullb 8,150 14.77I 14,5Yl 6,481 6,423 4500 3600 16,329 

*NA = Not Available 

....... 
TABLE IE Fl WP EMEIONS BURNING PETROLEUM 

Totll 
Plant Fuel sa"' NW' Co"' pa@ 

T m a .  CA Delayed pet coke 21/13 1918 190113 7811.7 

C m a a  cosb County, 
CA (5 planb) FlUldpetWLe 54/20 50125 117125 3.011.8 
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INTRODUCTION 

Pyrolysis Catalysis, Gasification Catalysis, Transition Metals, Biomass. 

We envision a two stage process for the conversion of lignocellulosic waste (such as sawdust or 
newsprint) into useful chemicals and simple gases. In the Grst stage, vacuum pyrolysis at 
relative low temperatures produces a charcoal, a condensible organic liquid (pyrolysis tar) and 
a noncondensible low Btu fuel gas. In the second stage, the charcoal which contains a major 
portion of the energy content of the feedstock is either pyrolyzed at high temperatures, or 
gasified to produce simple gases. The gasification is free from tar forming reactions, with the 
energy balance and product gas composition dependent on the composition of the reactant 
gas.'2 

The production of LG from vacuum pyrolysis of pure cellulose and wood has frequently been 
rep~rted.(e.g.'*~) Higher yields of LG from wood pyrolysis were obtained by prior removal by 
acid washing of the indigenous metal io? bound to the hemicellulose in the wood. We have 
recent19 studied the effect of individual metal ions (ion exchanged into wood) on gaseous 
products from pyrolysis of wood using coupled TG/FI'IR. These studies showed that K but not 
Ca, acts as a catalyst in pyrolysis reactions resulting in formation of CO,, CO, and formic acid 
(especially from polysaccharides), acetic acid (from hemicellulose), and methanol (from lignin). 
This type of study has now been extended to include a wider range of metal ions, and to 
embrace newsprint as well as wood. Since the major motivation in this work lies in the 
thermochemical utilization of lignocellulosic waste, we have especially included metal ions 
which are known to increase char yield and to act as catalysts in char gasification. 

In this paper we are specifically concerned with air gasification of the chars doped with metal 
ions that result from LG producing pyrolyses (Le. Fe and Cu-doped chars). Several studies have 
been made of the catalytic effects of copper and its salts in accelerating the oxidation of 
graphite.69 In fact, copper is reported to be the most effective catalyst of the carbon-air 
reaction (for Spanish lignite char) of the first transition series of elements.lO~l' The same 
authors report (for air gasification of Cu-doped lignite char) a dramatic jump from a region of 
low reactivity and high apparent activation energy to a region of high reactivity and low 
apparent activation energy for a 5 c temperature increase.'* 

This laboratory has also observed this jump phenomenon for copper catalysis" and for iron 
cataly~is'~ in the air gasification of cellulosic chars. For this study we utilized 
carboxymethylcellulose (CMC) for incorporation of ion exchanged cations and cellulose fibers 
(CF-11) for incorporation of salts by sorption from aqueous solution. The doped cellulosic 
fibers were then pyrolyzed to chars for gasification studies. We were able to report '5ump 
temperatures" (Ti, defined by Moreno-Castilla et a 1 I 2  as the lowest temperature of the high 
reactivity region) for ion-exchanged Cu CMC and sorbed Cu salt CF-11 samples. 
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Part of this paper reports our continued study of this jump phenomenon. We use the approach 
described above (vit copper doped CMC and CF-11 samples) since we are able to achieve 
particularly exact control of the distribution of the metal species in the cellulosic substrates and 
hence in the char. 

EXPERIMENTAL 

The ion-exchanged wood (milled cottonwocd sapwood, Populus hichocarpo) and 
carboxymethylcellulose (CMC) and salt-sorbed samples were prepared as described earlier.'ss 
l6 Newsprint samples were prepared from the Wall Street Journal, macerated with deionized 
water (or salt solutions for salt-sorbed newsprint) in a Waring blender, filtered and air-dried 
to a mat ca. 2 mm thick. The mats were cut into cubic pellets (a. 2 mm3) before pyrolysis. 
Metal ion contents were measured by inductively coupled argon plasma spectrometry (see 
Tables I to 4). 

Pyrolyses were carried out at 2 Torr under flowing nitrogen as described previously" with tars 
condensed at room temperature and "distillate" condensed at -5O'C. LG contents of tars were 
determined by G W  of tri-0-methylsilyl ethers" and the compounds in the second condensate 
(other than water) were determined by 'H NMR.'* The yield of levoglucosenone ( E O )  in the 
second distillate was determined by relating the integrated signal for the C-1 hydrogen (5.31 
ppm, s, lH)I9 to the internal standard (2-methyl-2-propanol; 1.21 ppm, s, 9H). 

The thermogravimetry system used to measure gasification rates has been de~cribed.'~ The 
samples were first pyrolyzed at a heat treatment temperature (HTQ for 15 min in nitrogen in 
situ (80 mL min"), and subsequently gasified (gasification temperature=Gm in air (80 mL 
mid', 22% 02). The TG balance was purged with helium (20 mL mid). The temperature 
program and weight loss curve of a typical gasification experiment are shown in Figure 1. 

The apparatus for measuring differences in sample and furnace temperatures is described 
elsewhere.20 Essentially, a thermocouple was placed in the furnace near to the saniple (similar 
to TG temperature measurement) and a second thermocouple embedded in the sample. The 
temperature program and gas flow control was similar to a typical gasification, and during the 
course of the experiment the two thermocouple readings were compared. 

RESULTS AND DISCUSSION 

Pyrolysk of Ion-aciianged Wood 
The yields of char, tar, and distillate from the pyrolysis of ion-exchanged wood are shown in 
Table 1. The alkali metal and calcium wood samples showed increased char formation, low tar 
and high distillate yield compared to acid-washed wood. All other ion-exchanged wood samples 
showed char and tar yields similar to acid-washed wood, with the transition metals especially 
favoring tar formation. The analysis of the tar for E shown in Table I indicates that the tars 
from Li, K and Ca wood samples were not only obtained in reduced yield, but also contained 
a lower proportion of LG than tar from acid-washed wood. All other metal ions produced 
yields of LG above 10.5% compared with 5.4% from acid-washed wood. In other words, wood 
samples ion-exchanged with transition metals gave higher yields of a cleaner tar. 

The best yield of LG observed was 15.8% from the ferrous wood sample. Assuming that LG 
is derived only from cellulose and that the latter represents 50% of the wood:' then the 
conversion of cellulose to LG was 31.6%. This yield may be compared with 41.5% obtained 
from pure cellulose (CF-11 cellulose). 
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The mechanism whereby the yield of LG is increased by the presence of these metal ions is not 
known. However, since cupric acetate sorbed in pure cellulose does not catalyze the formation 
of LG, we tentatively conclude that catalysis of LG formation in wood may involve some 
interaction with lignin. The low yield of LG from original wood (0.4%) is probably associated 
with two inhibiting factors, v i r  indigenous metal ions (especially K and Ca) and lignin. When 
the metal ions are removed by acid washing, the LG yield increases to 5.4% (ie. 10.8% based 
on cellulose), but the lignin effect presumably holds the LG yield well below that from cellulose 
(41.5%). The presence of some metal ions, especially the transition metals, may decrease the 
interference by lignin in the conversion of cellulose to Us. 

eroiysk of Wood Sorbed with Salts 
Since the improved yields of LG from wood pyrolysis induced by the presence of added metal 
ions are of considerable interest (in connection with thermochemical utilization of biomass), this 
study was extended to determine whether it is necessary to remove the indigenous cations in 
the wood, and whether the "beneficial" metal ion can be added more simply and economically 
as salts by sorption rather than by ion-exchange. This study concentrated on cuprous and 
ferrous salts because these ions were most effective in increasing LC and charcoal yields when 
ion-exchanged, and also because the chars from such pyrolyses are likely to contain elemental 
Cu or active Fe species which are known to be catalysts of gasification reactions." 

The products of pyrolysis of wood sorbed with cupric acetate, ferrous acetate and ferrous sulfate 
are shown in Table 2. The addition of cupric ion by sorption of the acetate salt in acid-washed 
wood (to 0.45% Cu) is effective in increasing LG yield to 11.2%; higher concentrations of 
copper did not significantly improve the LG yield. When the indigenous ions (predominantly 
K and Ca) are not removed by acid washing before addition of the cupric acetate, the 
improvement in LG yield is much less marked. The indigenous cations negate some of the 
catalytic influence of the Cu. The results with sorbed ferrous acetate were similar, although the 
LG yield with the salt sorbed in the acid-washed wood (7.5%) was considerably less than for 
the corresponding ion-exchanged wood (15.8%). 

The pyrolysis of wood sorbed with ferrous sulfate was studied as an example of an anion likely 
to remain in the pyrolyzing solid and to generate acid conditions (acetate ions are lost from the 
solid at the pyrolysis temperature). Acid-washed wood containing ferrous sulfate yielded 6.1% 
LG and an additional 3.0% levoglucosenone (1,6-anhydro-3,4-dideoxy-8-D-glycero-hex-3- 
enopyranos-2-ulose, LGO), which was found in the distillate. LGO is a known product of acid- 
catalyzed cellulose pyrolysis" and its formation was observed only in the presence of the sulfate 
anion. 

Application io Newsprint 
Newsprint comprises about one-third of the solid municipal waste in developed countries, it ;s 
likely soon to be excluded from landfill disposal and there is a limit to the proportion which can 
be recycled into paper. Thermochemical processes have the potential to account for the 
utilization of large amounts of waste newsprint. Our sample contained 24% ligninB It was 
therefore expected, on the basis of the above experiments with wood, to be similarly amenable 
to the "beneficial" effects of ferrous sulfate in terms of increased LG and LGO yields. 

Table 3 shows the influence of sorbed ferrous sulfate on products of pyrolysis in nitrogen at 
400 * C for 30 min. In the absence of added ferrous sulfate, pyrolysis of newsprint yielded 3.2% 
LG, but no EO. Sorption of ferrous sulfate (to 2.08% FeSO,) before pyrolysis increased the 
yield of LG to 16.6%, and also yielded 4.2% LGO. Char yield also increased from 15% for 
newsprint to 20% for FeSO, sorbed newsprint. Thus we have a procedure to generate chemical 
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feedstocks (LG and E O )  from pyrolysis of newsprint, while simultaneously forming in 
increased yield a char which already contains an efficient gasification catalyst. 

GmFcmion of Cu and Fe ion-dunged CMC durrs 
We have previously reported the effect of HTT and mode of addition of metal ions on the Tj 
of Cu-doped chars.'6 Jump temperatures were determined in a series of gasification 
experiments where G T  was successively lowered 5'C until the low reactivity region was 
reached. The Tj for Fe-doped CMC char (HTT 400'C, [Fe] 2.47% d.af.), determined by the 
same method, was 295 C. Figures 2 and 3 show rate-time plots for the gasification in air of Cu- 
and Fe-doped cellulose chars (HTT 400' C) at and below the jump temperature (Tj = 255 C 
for Cu and 295'C for Fe). Copper appears to be a superior catalyst over iron; the Tj of Cu is 
lower and the rate maximum (Rg(max)) is higher. In the case of Cu-doped chars, the initial 
rate of gasification increases cu 160-fold for a 5 a C temperature increase at Tj. 

In a series of experiments to determine the effect of Cu concentration on Tj we gasified Cu- 
doped CMC chars in a temperature program (HTT 4OO'C, G T  200'C + S'/min). Table 4 
shows the effect of Cu concentration on the apparent Tj. Increasing Cu concentration in the 
range shown in Table 4 effected a decrease in the apparent Tj but did not change Rg(max). 
We expected to measure Tj as the temperature at  which the rate suddenly increased, and that 
the Tj of our CuCMC-1 sample would be as previously determined (Le. 255'C). However, the 
Tj of CuCMC-1 determined by this method was significantly different. We conclude that this 
jump in reactivity is also affected by the thermal history of the char. 

Effect of oxygen chemiotption on sample temperafure in the furnace 
It seemed likely, based on the observation of small spikes in the TG thermocouple reading on 
the introduction of air into the furnace (see Figure I ) ,  that the TG apparatus may not be 
recording the true temperature of the sample during rapid gasification. In fact, when a cu 20 
mg CuCMC-1 char (H?T 400'C) was gasified (GT 260'C) with a thermocouple'in contact with 
the char, the temperature of the char ran ahead of the furnace temperature soon after air was 
admitted (see Figure 4). 

We have reportedM that for calcium-doped chars prepared at relatively low temperatures ( .g.  
HTT 400'C), the initial rate of gasification in air (Rg(max) from TG) is extremely high for a 
short time. This effect was shown to be due to "run away" temperature increase associated with 
exothermic oxygen chemisorption. In this case the effect can be avoided by pre-sorption of 
oxygen below the gasification temperature. However, unlike calcium-doped chars, in the 
copper-catalyzed gasification the initial high Rg(max) peak at G T  260'C could not be 
eliminated by pre-sorption of oxygen at 200'C (see Figure 5). We conclude that exothermic 
oxygen chemisorption contributes to, but does not fully account for the jump phenomenon in 
copper catalysis of gasification. 

It seems likely that this jump in reactivi?: is associated with the mobility of the metal species 
acquired at the Tammann temperature, and that jumps in reactivity below the Tammann 
temperature can be explained by the thermal history of the sample and its heat capacity, and 
by the heat generated by oxygen chemisorption. 
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Table 1. Vacuum py-rolysis of ionexchanged wood 
~ ~ ~~ ~ 

Sample Metalion char TU Distillate LG 
(W d.af.). (% d.af.) (I dd.) (% daf.) (7% daf.)  

Acid-Washed Wood --- 19 43 16 5.4 
Li -__- 19 25 44 0.7 

0.08 16 45 29 10.5 
0.20 22 21 40 0.4 K 

Ca 0.14 20 32 27 4.1 
Mn[nI 0.19 15 44 29 10.6 
F d n l  0.37 15 50 30 15.8 

0.20 15 49 29 12.4 _ _ _ _  14 56 25 13.0 Ni[II] 
0.19 17 54 26 13.5 
0.26 16 45 31 11.4 Zn 

CF-11 cellulose ____ 13 67 14 41.5 
cuACJCF-1lc -_-_ 24 51 14 31.0 

Mg 

cO[nl 

C w I  

a 70 weight based on dry ash free wood. Pyrolysis at 350'C/30 min. 
b Not determined 
c Cupric acetate sorbed on CF-11 (not ion-exchanged) 

Table 2 Vacuum pyrolysis of wood sorbed with salt solution 

Sample Metal ion char TU Distillate LG 
(% d.a.f.)' (7% d.af.) (% d.af.) (% d.a.f.) (% d.a.f.) 

Original wood 
Acid-Washed (AW) 
A W / W c ,  0.45 
A W I W c ,  0.74 

wc, 0.43 

FeAc, 3.18 

A W / W c ,  1.10 

AW/FeAc, 3.34 

AW/FeSO,C 1.43 

15 
19 
29 
30 
20 
15 
22 
28 
38 

a % weight based on dry ash free wood. 
b Not determined 
c Pyrolysis at 300 e C/60 min 

25 24 
43 
38 - 
40 --_ 
42 
43 21 
24 26 
19 28 
18 25 

l6 b 

Pyrolysis at 350'C/30 min. 

0.4 
5.4 
11.2 
11.2 
12.5 
5.9 
7.5 
5.2 
6.1 
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Table 3. Vacuum pyrolysis products from newspht (NF')" 

Sample char Tar Distillate LG LGO 

- > < - R i r - >  

Original NP 15 44 32 3.3 m 
NP + 2.08% FeSO, 20 43 37 16.6 4.2 

12 

10- 

8 -  

6 -  

c 4 -  

m 
E -  

c, 
L -  
m 
O 

a % weight based on dry ash free wood. Pyrolysis at 400'C/30 min. 
ND not detected 

6 00 

n 
u 

-300 ' 
O 
I 
3 
c, 

I 
a 
m 

-100 ; 
I- 

Table 4. The Effect of Copper Concentration on the Apparent Jump Temperature' 

Sample 

CuCMC-1 
CuCMC-2 
CuCMC-3 

2.82 312 1.6 
1.54 320 1.8 
0.67 340 1.8 

a For HlT400'C, GT 200'C + .5*/min 

F i g u r e  1. CuCMC-1 G a s i f i c a t i o n  i n  a i r  
HTT 400'C, GT 255OC 
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INTRODUCTION 

A major issue facing industrialized nations is the environmentally sound disposal of municipal solid wastes 
and industrial hazardous wastes. The amounts of these wastes generated has shown an annual growth rate 
over the past several decades (') and improper disposal has resulted in numerous environmental problems. 
Incineration in properly designed combustion systems has been demonstrated as a method of achieving a very 
high degree of destruction and control for these wastes and is often combined with heat recovery systems to 
simultaneously recover energy in the form of steam or electricity. A wide variety of incinerator types as well 
as boiler and industrial furnaces are used for destroying these wastes. 

Incineration of municipal and hazardous waste has the potential for increasing air pollution due to emissions 
of constituents contained in these waste streams and products of their combustion. Municipal and hazardous 
wastes are likely to contain sulfur and chlorine compounds as well as a wide number of toxic heavy metals 
(e.g. arsenic, beryllium, cadmium, chromium, lead, mercury, and silver). During combustion sulfur and 
chlorine compounds are converted to the acid gases SO, and HCI. Heavy metals are converted to  their oxide 
or chloridc forms. The high combustion temperature employed in modern incinerators will cause many of 
the metal compounds present to volatilize and be carried out of the incinerator device with the hot flue gases. 
These compounds then condense out as fine particulate matter or in some instances can leave the system still 
in the vapor form. 

The increase in waste incineration has been accompanied by increased public concerns over air pollution and 
an  increase in local, state, and federal regulations. The USEPA has recently revised federal regulations to 
further limit incinerator emissions. This increased regulatory climate has resulted in an increase in the 
complexity and efficiency of air pollution controls employed for emissions controls. 

This paper presents a review of the current U.S. regulations covering incinerator emissions and describes 
technologies used for their control. Typical emission levels and control efficiencies achievable are presented. 

AIR POLLUTION REGULATIONS 

Air pollution regulations applied to incinerator flue gas emissions vary widely in the compounds controlled, 
emissions levels, removal efficiencies ies required, averaging times and testing requirements. On the national 
level, municipal waste incinerators arc regulated under Clean Air  Act provisions whereas hazardous waste 
incinerators are regulated under the Resource Conservation and Recovery Act (RCA). In addition to 
national regulations, local or state permitting agencies may require more stringent emissions controls or 
control of additional pollutants as a part of a facility's operating permit. The EPA has recently been active 
in setting standards for municipal waste incinerators, hazardous waste incinerators and boilers and industrial 
furnaces which burn hazardous wastes. 

Municipal Waste Incinerators 

EPA promulgated "New Source Performance Standards and Emissions Guidelines for Existing Facilities" for 
Municipal Waste Combustors in February 1991. These standards are summarized in Table 1. 
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In setting these standards, EPA recognized differences in facility size, type of incineration (mass burn fired 
versus refuse derived fuel fired) and new sources versus existing sources. The facility capacity refers to the 
total burn rate for all refuse combustors at a single site. EPA selected total particulate matter emission limits 
as the way of controlling trace heavy metal emission limits. EPA will add emission limits based on applying 
Maximum Achievable Control Technology (MACT) for mercury, cadmium and lead emissions in the coming 
year. EPA has until late 1992 to establish comparable emission standards for smaller combustors, those less 
than or equal to 250 tons per day per train. 

Emissions limits are established for total emissions of poly-chlorinated dibenzyl-dioxins (PCDD) plus 
polychlorinated dibenzyl-furans (PCDF). These compounds were selected as surrogates for organicemissions 
because of their potential adverse health effects. In addition, EPA has established carbon monoxide (CO) 
emission limits as a measure of "good combustion practices" which limit the formation of PCDD, PCDF and 
their key precursors. C O  emission limits vary from 50 to 150 ppm (1 at 7% 0, dry gas conditions) depending 
on the type of combustion. 

Acid gas emission limits (HCI and SO,) are based on either a percent reduction or a maximum stack emission 
level whichever is the least stringent. Nitrogen Oxides (NOx) emissions levels are proposed only for large 
new sources. 

Hazardous Waste Incinerators 

In April 1990, the EPA published a proposed rule and requests for comments in the Federal Register for 
Standards for Owners and Operators of Hazardous Waste Incinerators and Burning of Hazardous Wastes 
in Boilers and Industrial Furnaces". ('I The final rules for "Burning Hazardous Wastes in Boilers and Industrial 
Furnaces" was published in the Federal Register in February 1991. Key provisions of these regulations 
are presented in Table 2. 

EPA proposed extending current emissions limits covering Destruction and Removal Efficiencies for organic 
constituents and for particulate matter. EPA proposed to establish risk-based emission limits for individual 
toxic metals, hydrogen chloride, and organic emissions. EPA added limits for chlorine when they published 
their final rule for Boilers and Industrial Furnaces. '') Reference Air  Concentration (RAC's) were proposed 
for maximum modeled annual average ground concentrations of these pollutants. The RAC's for the 
carcinogenic metals were set at levels which would result in an increased cancer risk for a Maximum Exposed 
Individual of less than 1 in 100,000. The RAC's for the non-carcinogenic metals, and chlorine were set at 
25 percent of the reference dose (RfD) with the exception of lead which was set at ten percent of the 
National Ambient Air  Quality level. The RAC for HCI is based directly on inhalation studies. RfD's are 
estimates of a maximum daily exposure (via injection) for the human population that is not likely to cause 
deleterious effects. 

In setting these standards, EPA established a three tiered approach for demonstrating compliance. The tiers 
are arranged from the easiest to demonstrate and most conservative to the more complex and less 
conservative. Compliance with any tier is considered to prove compliance with these regulations. 

Tier I EPA established conservative maximum feed rates (Ibhr) for each constituent as a function 
of effective stack height, terrain and land use. In setting these limits, EPA assumed no 
partitioning in the incinerator, no removal in an air pollution control system, and reasonable 
worst case dispersion. Demonstration of compliance is through monitoring of feed 
composition. Two examples of Tier I screening limits are 2.4 x 10 to 4.1 x 10 pounds per 
hour for arsenic and 9.4 x 10 to 1.6 pounds per hour for lead, depending on stack weight, 
terrain and land use. 
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Tier I1 EPA established conservative emission rate limits for each constituent as a function of 
effective stack height, terrain, land use and assumed reasonable worst case dispersion. 
Demonstration of compliance in through periodic stack emission testing and continuous 
emission monitoring of carbon monoxide, hydrocarbons and oxygen. Two examples of Tier 
I1 screening limits are 3.1 x 10 to 5.3 x 10 ' grams per second for arsenic and 1.2 x 10 ' t o  
2.0 x 10 grams per second for lead. 

Tier 111 EPA established RAC's which must be met for each component. Demonstration of 
compliance is through periodic emissions testing and site specific dispersion modeling to 
demonstrate actual (measured) emissions d o  not exceed the RAC's. For the carcinogenic 
metals, the ratios of each metal's measured value to its RAC's are added to give a cumulative 
value which must be below ONE (a risk of 1 in lO0,OOO). Tier 111 RAC's for all metals are 
shown in Table 2. 

The standards will be implemented through limits on specific incinerator and air pollution control system 
operating parameters. In addition, emissions testing of all dioxin/furan tetra-octa congeners, calculation of 
toxic equivalents, dispersion modeling and health risk assessments will be required for incinerators equipped 
with a dry particulate control device (electrostatic precipitator of fabric filter operating at an inlet 
temperature between 450 and 750°), or if hydrocarbon emission levels exceed 20 ppmv (d).t4) 

AIR POLLUTION CONTROLS 

Heavy metals emissions from municipal and hazardous waste incinerators are controlled primarily through 
the use of particulate collection devices (electrostatic precipitators, fabric filters, wet scrubbers) or acid gas 
control systems (dry injection, spray dryer absorption, wet scrubbing). The major fraction of heavy toxic 
metals in the flue gas exists as fine particulates and is effectively controlled by properly sized electrostatic 
precipitators or fabric filters. Additional control of vaporized toxic metals is achieved in spray dryer 
absorption system or wet scrubbers. 

Spray dryer absorption (SDA) has been widely applied for municipal waste incinerator emissions control and 
has demonstrated high collection efficiencies for most heavy toxic metals present in the flue gas. SDA has 
been specified as Best Available Control Technology (BACT) in a number of municipal waste incinerator 
air permits. Typical control efficiencies and emission levels achieved using SDA are presented in Table 3. 

Figure 1 shows simplified process flow diagram for the SDA process. The SDA system is comprised of a 
spray dryer, absorber, a dust collector and a reagent preparation system. Incinerator flue gas enters the spray 
dryer where it is contacted by a cloud of finely atomized droplets of reagent (typically hydrated lime slurry). 
The flue gas temperature is decreased and the flue gas humidity is increased as the reagent slurry 
simultaneously reacts with acid gases present and evaporates to dryness. In som; systems a portion of the 

.dried product is removed from the bottom of the spray dryer, while in others it is carried over to the dust 
collector. Collected reaction products are sometimes recycled to the feed system to reduce reagent 
consumption. 

Several different spray dryer design concepts have been employed for incinerator SDA applications. These 
include single rotary, multiple rotary and multiple dual fluid nozzle atomization; downflow, upflow and upflow 
with a cyclone pre-collector spray dryers; and single and multiple gas inlets. Flue gas retention times range 
from 10 to 18 seconds and flue gas temperatures leaving the spray dryers range from 230°F up to 300°F. 

Heavy toxic metals removal in the downstream dust collector is enhanced through cooling of the incoming 
flue gas (from 45O0-5OO0F) as it passes through the spray dryer with the subsequent condensation of some 
vaporized metal forms, and through impaction and agglomeration of fine particulate matter with the very high 
number of lime droplets produced by the atomization devices. 
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Generally, the lower the spray dryer outlet temperature, the more efficient acid gas absorption and vaporized 
toxic metals removal. The minimum reliable operating outlet temperature is a function of the spray dryer 
and dust collector design and the composition of the dry fly ash reaction product mixture. The spray dryer 
outlet temperature must be maintained high enough to ensure complete reagent evaporation and the 
production of a free flowing product. Low outlet temperature operation requires efficient reagent 
atomization, good gas dispersion and mixing, adequate residence time for drying and design of the dust 
collector to minimize heat loss and air in-leakage. 

The dust collector downstream of the spray dryer may be an electrostatic precipitator, a reverse-air baghouse 
or a pulse-jet type baghouse. The selection of a specific type of dust collector is dependent on site specific 
factors such as particulate emission limits, overall acid gas removal requirements and project economics. Each 
of these dust collection devices offers process advantages and disadvantages that are evaluated on a site 
specific basis. Generally where high acid gas control is required, (95+ % HCI, 85+ % SO,), a baghouse is 
utilized as it functions as a better chemical reactor than an  electrostatic precipitator. Heavy toxic metals 
control efficiencies achievable with a SDA system are quite high (99+%) except for the relatively highly 
volatile mercury. Mercury emissions however, can be controlled at greater than 90 percent efficiency through 
the use of additives such as sodium sulfide or activated carbon. 

SDA has also been shown to be an effective method of controlling heavy toxic metals emissions from 
hazardous waste incinerators (43,81, however, wet scrubbing systems have been most commonly applied for 
overall emissions control. Wet scrubbing has been applied either alone or after a dust collection device to 
achieve acid gas control or to act as a polishing step for particulate and heavy toxic metals control. In some 
instances, wet scrubbers have been installcd downstream of SDA systems with evaporation of the scrubber 
blowdown in the spray dryer to eliminate a liquid eCIluent stream. Figure 2 shows a typical emissions control 
system process flow scheme for hazardous waste incinerators. 

Flue gases a t  approximately 2200°F are ducted from the incinerator to a quench tower (or a high temperature 
spray dryer] where they are cooled to 300-450°F. The cooled flue gas then enters a fabric filter (or 
electrostatic precipitator) where the majority of particulate matter and heavy toxic metals are removed. From 
the dust collection device, the flue gas enters a saturator venturi where the flue gas is further cooled to 160- 
200°F. Here HCI and some additional particulate matter as well as heavy toxic metals are removed. The flue 
gas then enters a packed tower where it is contacted with a caustic scrubbing solution for removal of SO,. 

The flue gas may then enter the induced draCt fan or may pass through a secondary scrubber for additional 
fine particulate and heavy toxic metal removal. This secondary scrubber is typically a charged droplet or 
condensation type designed for light inlet particulate loading and fine particulate control. 

Table 4 presents hazardous waste incinerator particulate and heavy toxic metals emissions levels achievable 
with these types of emissions control systems. The first column indicates conservative estimated removal 
efficiencies used by EPA in establishing Tier 11 screening levels for the ten heavy toxic metals of concern. 
These values are based on using a spray dryer absorption system incorporating a fabric filter as the dust 
collector or a system consisting of a four-field electrostatic precipitator followed by a wet scrubber as the 
control device. The next column presents data believed to be more representative of control efficiencies 
achieved in trial burns where these types of air pollution controls are employed. The final column presents 
typical ranges of emission rates for particulate matter and the toxic heavy metals. These values are obtained 
from our in-house emission data base compiled from a wide range of sources. These values are used to 
estimate incinerator metals emissions in permit support activities. 

CONCLUSIONS 

The increased use of incineration for control and destruction of municipal and hazardous wastes has lead to 
increasingly stringent air pollution control regulations. EPA has recently promulgated New Source 
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Performance Standards for municipal waste combustors which require health risk based emissions limits for 
specific metals to be established within the next year. EPA has proposed hazardous waste incinerator 
emissions limits which include risk based emissions limits for ten toxic heavy metals. 

Spray dryer absorption is considered to represent BACT for many municipal waste incinerator application 
and is capable of achieving high collection efficiencies for the metals of concern. Spray dryer absorption is 
also used for emissions control from hazardous waste incinerator. Dust collectors followed by wet scrubbers 
or also often used to control metals emissions from hazardous waste incinerators. Both types of systems have 
demonstrated the ability to achieve high collection efficiencies for the ten toxic heavy metals proposed for 
regulation. Emission rates from medium to large incinerators equipped with properly designed air pollution 
control systems are capable of achieving the required emission levels. 
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Capaciry-Tonstday 

Nnv Source 
Performance Standards 

Emission Guidelines For Exkting Facilil ia 

- Unit FaciliIy 

>2.50 >210 s 1100 > t i 0  

Table 2. USEPA Proposed Hazardous Waste Incineration Standards 0, 

Destruction and 99.9W9% Dioxin . Linled Wastes 
99.99% All Other wastes Remwal Efficiency (DRE) 

Paniculate Matter 0.00 grldsef @ 7% 0, 

Carbon Monoxide (Tier I) 100 ppmv (d) @ 7% 0, 

H y d m r b o n r  Clicr 11) 20 ppmv id) @ i l  0, 

Continuous Emissions Monitoring CO. 0,. H C  

Tier 111 Reference Air Concentralions 
(annual limits. CL&' ) 

Hydrogen Chloride 0.7 Free Chlorine 0.4 

Carcinofienic Metals Non Carcinogenic Metals 

Arsenic 2.3 I 10 -3 Anumony 0.3 

Beryllium 4.1 x IO 4 Barium 50 

Cadmium 5.5 x IO 4 Lead 0.09 

Chromium 8.3 x 10 -I Mercury 0.3 

Silver 3 

Thallium 0 3  

_____ 

P a n d a l e  Malter-(gr/dxfJ 0.015 0.030 0.015 

0pac,ty-% 10 IO IO 

Organic Emissions-ngldxm 
Total Chlorinated PCDD Plus PCDF 

-Mass burn units 30 12.5 60 
-RDF fired units 30 2.50 60 

Acid Gas Control 
% Reduction or Emissions-(ppm) 

HCI 95 (2.5) 50 (2.5) 90 (21) 

so, (3) 50 (30) 70 (30) 

NO, (W None None 

Carbon ' 50-150' 50-2.50. 50-210' 
Monoxide. ppm 
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Table 3. Typical Refuse Incinerator Uncontrolled and Controlled Emissions. 

Uncontmlled 
Emissions Pollutant Contmlkd Percent Reduction Emissioru 

PaniNlaIe Matter, grtdscf o.s-4.0 0.0020.01s 

Acid Gasrr ppmdv 

H a y .  Metab mp/nm3 

Arsenic 
Cadmium 
Lead 
Mercury 

co.1-1 co.010.1 90-99+ 
1-5 co.010.5 90-99+ 

20-100 co.1-I 90-99+ 
co.1-I cO.1-0.7 10-90c 

EPA ' 
Conservative 
Estimated 

'Bawd on spray dryer fabnc filter system or 4 field cI~tmu11c 
precipitator followed by a wet scrubber ('' 

SPl-1 ppical Range 
AcluaI Conlml of Emisions Rata  

Efficiencies x mrn3 
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Figure 1. Spray Dryer Absorption Process 
(Courtesy of Niro Atomizer) 

Figure 2 Hazardous Waste Incinerator - Emissions Control Scheme 
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CHARACTERIZATION AND CONTROL 
OF CADMIUM, LEAD, AND MERCURY FROM RDF 

MUNICIPAL WASTE COMBUSTORS 

R. Michael Hartman 
ABB/Resource Recovery Systems 

7 Waterside Crossing 
Windsor, CT 06095 

INTRODUCTION AND SUMMARY 

Title I11 of the 1990 Clean Air Amendments mandates EPA to propose maximum 
achievable control technology (MACT) standards for cadmium, lead and mercury air 
emissions from municipal waste combustors (MWC's) by November 1991. There is 
growing concern in this country and in Europe regarding environmental levels of 
lead and mercury, and a fear exists that MWC's may be a major contributor t o  
these levels. Finally, Congress will soon be debating amendments to RCRA, the 
Solid Waste Act, which will likely consider disposal and reuse requirements for 
ash from MWC's where questions of leachability of trace metals, particularly 
cadmium (Cd), lead (Pb), and mercury (Hg) will be of concern. 

Because of these important factors, this paper will primarily focus on air and 
ash emissions for these three trace metals from refuse derived fuel (RDT) type 
MWC's. Secondarily, the paper will attempt to point out what emission controls 
are being, and could be, imposed, and what future trends are likely to occur to 
reduce these emissions. Thirdly, the paper will put into perspective the 
contribution that Hg emissions from MWC's have to the global emissions of He. 

Most of the data that will be presented comes from the Mid-Connecticut RDF 
facility located in Hartford, Connecticut. That facility is a 2,000 ton/day 
facility owned by the Connecticut Resources Recovery Authority and designed and 
constructed by ABB Resource Recovery Systems (ABB/RRS). The facility contains a 
waste processing facility that produces RDF which is operated by the Metropolitan 
District Commission. Slides will be presented which illustrate how this facility 
produces RDF (see Figure 1). Slides will also be presented showing how 
pre-processing MSW to produce RDF can reduce levels of Cd, Pg and Hg by 33% - 
90% prior to combustion. 

Next, the paper will describe the power block facility (see Figure 2) which is 
operated by ABB/RRS. Slides will be presented which describe the boiler, t h e  
combustion controls, the dry scrubber, and the reverse air fabric filter from 
this facility. Slides will also be presented which summarize the uncontrolled 
levels of Cd, Pb and Hg in the flue gas before the scrubber as well as the 
controlled levels of these same pollutants after the baghouse. These levels will 
be compared for different steam loads, combustion conditions and scrubber 
settings. Finally, data will be presented showing the high removal efficiencies 
for these trace metals in the flue gas (i.e. 97.6 - 100%) and the impact that 
varying the calcium to sulfur stoichiometric ratio has on removal efficiency. 

Next, the paper will describe the facility ash handling system. Slides will be 
presented showing both the concentration (ug/g) and quantity rates (kg/hr) of Cd, 
Pb, and H g  in the RDF and the various ash fractions. These slides will 
illustrate the concentration buildup of these trace metals in fly ash. Slides 
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will also be presented which show results of leachability studies on the ash 
using sequential batch extraction and TCLP leach tests. 

Finally, the paper will conclude with general observations on trends in control 
of Cd, Pb, and Hg from all types oE MWC’s, and what EPA may be considering in the 
new air regulations that must be promulgated soon. The paper will discuss 
general confusion that currently exists about the magnitude that MWC’s may play 
in contributing to environmental levels of Hg. The paper will put Hg emissions 
from MWC’s into perspective and compare them to emissions from other sources. 
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METALS BEHAVIOR DURING MEDICAL WASTE INCINERATION 

C.C. Lee and G.L. Huffman 
U.S. Environmental Protect ion Agency 
Risk Reduction Engineering Laboratory 

Cinc innat i ,  Ohio 45268 

ABSTRACT 

Medical waste contains t o x i c  metals such as lead, cadmium, and mercury. 
Consequently, the i n c i n e r a t i o n  o f  medical waste may r e s u l t  i n  the emissions o f  
t race  metals i n t o  the environment, i f  i nc ine ra to rs  are n o t  proper ly  designed 
and operated. EPA's Risk Reduction Engineering Laboratory i n i t i a t e d  a study 
i n  1988 t o  document what i s  known about medical waste treatment, p a r t i c u l a r l y  
i n  the area o f  medical waste i nc ine ra t i on .  
f i nd ings  from t h i s  study regarding the behavior o f  metals i n  i nc ine ra t i on  
processes. 

This paper i s  t o  summarize the 

H igh l i gh ts  o f  these f i nd ings  are as fo l lows:  

e Lead and cadmium are the two most-often-found metals i n  medical waste. 

e Metals can p a r t i t i o n  i n t o  d i f f e r e n t  phases (gas, l i q u i d  o r  so l i d )  but  
cannot be destroyed dur ing i nc ine ra t i on .  

environment. They e x i t  i nc ine ra to rs  w i t h  s i f t i n g ,  bottom ash, f l y  ash, 
scrubber waste, and f l u e  gas. 

Data on the capture e f f i c i e n c y  o f  metals by a i r  p o l l u t i o n  contro l  
equipment used a t  medical waste i nc ine ra to rs  i s  very l i m i t e d .  

e Wet scrubbers genera l ly .capture cadmium moderately we l l  but  normally 
perform poor ly  i n  removing chromium and lead.  Fabric f i l t e r  systems 
e f f i c i e n t l y  capture a l l  metals. 

e There are several po ten t i a l  pathways tha t  metals f o l l o w  t o  reach the 

e 

INTRODUCTION 

It has been wel l  known t h a t  medical waste contains t o x i c  metals such as lead, 
cadmium, and mercury. These metals w i l l  on ly  change forms (chemical and 
physical s ta tes)  but  w i l l  no t  be destroyed dur ing i nc ine ra t i on .  They can be 
emi t ted from inc ine ra to rs  on small p a r t i c l e s  capable o f  penetrat ing deep i n t o  
human lungs. Thus, the emission o f  t r a c e  amounts o f  heavy metals from medical 
waste i nc ine ra to rs  i s  one o f  the major concerns t o  those who are invo lved i n  
medical waste management. A c lea r  understanding o f  metals behavior i n  medical 
waste i nc ine ra to rs  i s  c r i t i c a l l y  needed. 

EPA's Risk Reduction Engineering Laboratory i n i t i a t e d  a study i n  1988 t o  
document what i s  known about medical waste treatment, p a r t i c u l a r l y  i n  the  area 
of medical waste i nc ine ra t i on .  Potent ia l  t o x i c  metal emissions from medical 
waste i n c i n e r a t i o n  was one o f  main subjects  studied. This paper i s  t o  
summarize the  f i nd ings  o f  t h a t  study. 
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METAL SOURCES 

Researchers a t  t he  Un ive rs i t y  o f  C a l i f o r n i a  a t  Davis conducted a study t o  
i d e n t i f y  the sources o f  t o x i c  metals i n  medical wastes (Hickman, 1987). The 
research e f f o r t  focused on lead and cadmium because they were the two most- 
often-found metals i n  medical waste. They concluded t h a t  p l a s t i c s  i n  the  
waste contr ibuted most t o  the presence o f  these two metals. Cadmium i s  a 
component i n  common dyes and thermo- and pho to -s tab i l i ze rs  used i n  p l a s t i c s .  
Lead was found i n  many mater ia ls  i nc lud ing  p las t i cs ,  paper, inks,  and 
e l e c t r i c a l  cable i n s u l a t i o n .  However, the primary source o f  l ead  appeared t o  
be p las t i cs .  
p ro tec t  p l a s t i c s  from thermal and photo-degradation. 
t h a t  the dyes made from lead and cadmium are used t o  c o l o r  p l a s t i c  bags. 
Thus, pa r t  o f  the l ead  and cadmium emissions could be due simply t o  t h e  "red 
bags" tha t  i n f e c t i o u s  waste i s  placed i n .  

Under the harardous waste program o f  t he  Resource Conservation and Recovery 
Act o f  1976, EPA has i d e n t i f i e d  ten  (10) metals o f  most concern from 40 CFR 
261 Appendix V I I I .  Four o f  t he  ten  metals are c l a s s i f i e d  as carcinogenic and 
the other s i x  metals are considered t o  be t o x i c .  
Assessment Group has estimated the carcinogenic potency f o r  humans exposed t o  
low leve ls  o f  carcinogens. 
hea l th  t h r e a t  o f  t he  metals. U n i t  Risk (UR) i s  the incremental r i s k  o f  
developing cancer t o  an i nd i v idua l  exposed f o r  a l i f e t i m e  t o  ambient a i r  
containing one microgram o f  t he  compound per  cubic meter o f  a i r .  
i s  t h e  only  exposure pathway considered i n  determining UR. 

T o x i c i t y  data are used t o  de f i ne  concentrat ions f o r  t he  s i x  t o x i c  metals below 
which they a re  n o t  considered dangerous. Ambient concentrat ions should not  
exceed t h i s  concentrat ion.  The EPA has def ined the maximum t o x i c  
concentrat ion, o r  Reference A i r  Concentration (RAC), f o r  each metal.  I f  
ground l e v e l  concentrat ions o f  any o f  these metals exceeds i t s  RAC, adverse 
hea l th  e f f e c t s  are l i k e l y .  
the RAC o f  t h e  s i x  t o x i c  metals are l i s t e d  i n  Tables 1 and 2 (EPA, 4/91). 

L ike  cadmium, lead i s  used t o  make dyes and s t a b i l i z e r s  which 
It i s  i r o n i c  t o  note 

The EPA's Carcinogen 

An assigned "Unit Risk" i nd i ca tes  the  r e l a t i v e  

Inha la t i on  

The U n i t  Risk o f  t h e  f o u r  carcinogenic metals and 

EMISSION PATHWAYS 

A ma jo r i t y  o f  metal emissions i s  i n  the form o f  s o l i d  p a r t i c u l a t e  mat ter  and a 
m ino r i t y  i s  i n  vapor form. 
emissions from the  i n c i n e r a t i o n  o f  medical wastes are determined by th ree  
major factors :  

It was genera l ly  concluded t h a t  p a r t i c u l a t e  

(1 )  

( 2 )  

(3)  

Suspension o f  noncombustible inorganic  mater ia ls ;  

Incomplete combustion o f  combustible ma te r ia l s  (these ma te r ia l s  can 
be organic  o r  inorganic  mat ter ) ;  and 

Condensation o f  vaporous mater ia ls  (these ma te r ia l s  are most ly  
inorganic  mat ter ) .  

The ash content o f  t he  waste feed ma te r ia l s  i s  a measure o f  t h e  noncombustible 
p o r t i o n  o f  t h e  waste feed and represents those ma te r ia l s  which do not  burn 
under any c o n d i t i o n  i n  an i nc ine ra to r .  Emissions o f  noncombustible ma te r ia l s  
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result from the suspension or entrainment of ash by the combustion air added 
t o  the primary chamber of an incinerator. The more air added, the more likely 
that noncombustibles become entrained. 
combustion o f  combustible materials result from improper combustion control of 
the incinerator. 
noncombustible substances that volatilize at primary combustion chamber 
temperatures with subsequent cooling in the flue gas. These materials usually 
condense on the surface of other fine particles. 

Figure 1 shows the transformation of mineral matter during combustion o f  
metals-containing waste. The Figure is self-explanatory. There are several 
potential pathways t o  the environment that metals may follow. 
remain in the bottom ash. A small fraction of the ash (on a weight basis) is 
entrained by the combustion gases and carried out of the primary chamber as 
fly ash. Volatile metals may vaporize in the primary combustion chamber and 
leave the bottom ash. 
the combustion gases cool. 
captured in the air pollution control equipment (APCE). The rest enters the 
atmosphere. 
4/91) : 

Particulate emissions from incomplete 

Condensation of vaporous materials results from 

Most metals 

These metals recondense to form very small particles as 
Some of the entrained ash and condensed metals are 

Four key variables affecting the vaporization of metals are (EPA, 

0 Chlorine concentration in the waste; 

0 Temperature profiles in the incinerator; 

0 Metal species concentration in the waste; and 

0 Local oxygen concentration. 

CURRENT CONTROL PRACTICE 

Two strategies are used to minimize metals emissions: (1) The primary chamber 
i s  operated at conditions which d o  not promote vaporization or entrainment of 
metals; and (2) Any metals which do escape can be captured in the APCE, if 
present. 
primary chamber are the primary chamber temperature and gas velocity. 
APCE parameters used are specific to the device which is utilized. 

The parameters usually used to control the escape of metals from the 
The key 

(1) Combustion control: Most operating medical waste incinerators are 
simple single-chamber units with an afterburner located in the stack. 
The ability of batch incinerators to control metals emissions is 
limited because only the temperature in the stack is usually 
monitored. 

Most new incinerators are starved-air units. 
designed to operate at low temperatures and low gas flow rates. This 
minimizes the amount of materials entrained or vaporized. 

T o  ensure that metal emissions are minimized, operators must maintain 
the primary chamber at the temperatures and gas flow rates for which 
it was designed. 

The primary chamber is 

Usually the only parameter that system operators 
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can directly control is feed rate. 
temperatures and high gas velocities. 
control the feed rate. 
temperatures increase. 

APCE control: When metals reach the APCE, they are present in one of 
three forms. 
Metals which have vaporized and recondensed are usually present on 
fly ash particles with diameters less than 1 micron. 
volatile metals are present as vapors. 
ability o f  common APCE to control these different metal forms. The 
Table is based on data and worst case predictions. 
often used to minimize the temperature of the flue gases. 
temperatures ensure that all metal vapors have condensed. 
indicated in Table 3, vapors are much more difficult to capture than 
particles (EPA, 4/91). 

High feed rates can lead to high 
Thus, many operators carefully 

The feed rate is reduced when primary 

(2 )  
Non-volatile metals are on large entrained particles. 

Extremely 
Table 3 summarizes the 

Wet scrubbers are 
Use of low 
As 

EMISSION DATA 

Figure 2 compares the concentration of arsenic (chosen merely for illustrative 
purposes) in flue gases before any APCE, and in emitted gases for a variety o f  
incinerators. As shown, a wide variety of flue gas cleaning equipment is 
used. 
Arsenic is predicted to be relatively volatile, compared to other metals. 
Significant amounts of arsenic are therefore expected to vaporize in an 
incinerator (EPA, 4/91). 

The Figure indicates the effectiveness of the various types of APCE. 

CONCLUSION 

Some metals and metal species found in waste materials are volatile and will 
vaporize at the conditions found in incinerators. 
from the waste by the exhaust gas and they recondense as the gas cools. The 
vapors condense both homogeneously to form new particles and heterogeneously 
on the surfaces of existing fly ash particles. 
metals which are of a highly volatile nature are of main concern in terms of 
installing the proper APCE. Because there are many APCE sizes and types, it 
is very important to fully understand metal emissions characteristics, 
combustion control and operating possibilities, and expected APCE performance 
so that metal emissions can be minimized. 

The vapors are carried away 

To control metal emissions, 
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Metals species 
Arsenic (As) 
Beryl 1 i um (Be) 
Cadmium (Cd) 
Chromium (Cr+6) 

Unit risk 
0.0043 
0.0025 

0.0017 

0.012 
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Metals species 
Antimony (Sb) 
Barium (Ea) 
Lead (Pb) 
Mercury (Hg) 
Silver (Ag) 
Thallium (Tl) 

RAC (pg/m3) 
0.025 

50.00 

0.09 

1.70 

5.00 

500.00 
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APCE 

Venturi 
scrubber 20" 
pressure drop 

Venturi 
scrubber 60" 
pressure drop 

Fabric f i l t e r  

Spray drier/  
fabric  f i l t e r  

*oYwEN~ous 
CONDENSATON 

FUME NUCLEI 

VAWRIZATWXI 
HETERCGENEOUS 

CONDENSATKW 

Control Eff ic iency(%) 

Particulate  Fume Vapor 

90 a5  60 

9a  97 9 0  

95 90 50 

99  95 9 0  

FIGURE 1. METAL TRANSFORMATION DURING INCINERATION (EPA, 4 / 9 1 )  
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FUNDAMENTALS OF HEAVY METAL REMOVAL BY DRY SORBENTS 

Mohit Uberoi+ and Farhang Shadman 
Department of Chemical Engineering 

University of Arizona 
Tucson, AZ 85721 

+ Present Address: W.R. Grace & Co.-Conn., Research Division, 7379 Route 32, 
Columbia MD 21044 

Abstract 

Emission of toxic metal compounds is a major problem in many combustors and 
incinerators. In the present work, using cadmium chloride as a model compound, the 
use of solid sorbents for removal of toxic metal compounds from high temperature flue 
gases is investigated. The sorbents tested were silica, alumina, kaolinite, emathlite and 
lime. Compounds containing aluminum oxide show high cadmium removal efficiency. 
In particular, bauxite has the highest rate and capacity for cadmium capture. The 
overall sorption process is not just physical adsorption, but rather a complex combination 
of adsorption and chemical reaction. 

Introduction 

Cadmium compounds are considered to be among the most toxic trace elements 
emitted into the environment during fuels combustion and waste incineration. Cadmium 
and cadmium compounds are  primarily used in the fabrication of corrosion resistant 
metals. Cadmium is also used as a stabilizer in-poly-vinyl chlorides, as electrodes in 
batteries and other electrochemical cells, and for numerous applications in the 
semiconductor industry (J). Due to this wide range of applications, cadmium is present 
in many municipal and industrial wastes. Cadmium is also present in coal in trace 
quantities (2). Consequently, emission of cadmium compounds is a problem in many 
waste incinerators and coal combustors. The chemical form and concentration of these 
compounds depend on a number of factors including feed composition and operating 
conditions a). 

The increased use and disposal of cadmium compounds, combined with their 
persistence in the environment and relatively rapid uptake and accumulation in the 
living organisms contribute to their serious environmental hazards. The present 
technology is inadequate t o  meet the expected cadmium emission standards. Therefore, 
new and effective methods need to be developed and investigated for controlling the 
emission of cadmium and other toxic metals in combustors and incinerators. 

A promising technique for the removal of metal vapors from high temperature 
gases is through the use of solid sorbents to capture and immobilize the metal 
compounds by a combination of adsorption and chemical reactions. The sorbent can be  
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used in two ways: 
a. It could be injected as a powder (similar to lime injection) for in-situ removal 

of cadmium compounds. 
b. The cadmium containing flue gas could be passed through a fixed or fluidized 

bed of sorbent. The sorbent could be used in the form of pellets, beads, or 
monoliths (for high dust applications). 

Previous studies by us and other investigators indicate that solid sorbents can be very 
effective in removing alkali and lead vapors from hot flue gases w). In the present 
work, a number of potential sorbents were screened and compared for their 
effectiveness in removing cadmium compounds from hot flue gases. Details of the 
sorption mechanism were investigated for the selected sorbents. 

Experimental 

In the first part of this study, several model compounds and naturally available 
materials were evaluated as potential sorbents for removal of gaseous cadmium 
compounds from hot flue gases. The model compounds included silica (MCB grade 12 
silica gel) and alpha alumina (Du Pont Baymal colloidal alumina, technical grade). The 
naturally available materials included kaolinite (52% SO,, 45% Al,O?, 2.2% TiO,, 0.8% 
Fe,O,), bauxite (11% SO,, 84% Al,O,, 5% Fe,O,), emathlite (73% SiO,, 14% Al,O,, 
5% CaO, 2.6% MgO, 3.4% F%O,, 1.2% K,O) and lime (97% CaO). Cadmium chloride 
was used as the cadmium source. For the screening experiments, the sorbents were used 
in the form of particles, 60 - 80 mesh in size. For the kinetic and mechanistic study the 
sorbents were used in the form of thin flakes (disks). The flake geometry is easy to 
model and characterize using analytical techniques. All the sorbents were calcined at 
900°C for two hours and stored under vacuum until used. All the experiments were 
conducted in a simulated flue gas atmosphere containing 15% CO,, 3% O,, 80% N, and 
2% H,O. 

Equipment and Procedures 

Screening Experiments: The main components of the experimental system were a 
Cahn recording microbalance, a quartz reactor, a movable furnace and analyzers for 
determining the composition of the gaseous products. This system has been previously 
used for screening of sorbents for removal of lead compounds. Therefore, only the 
salient features of the system are described here. Details can be found in a previous 
publication4. The cadmium source was suspended by a platinum wire from the 
microbalance, which monitored the weight change during the experiments. A fixed bed 
of the sorbent particles was made by placing 100 mg of the sorbent particles on a 100 
mesh stainless-steel screen in a quartz insert. All experiments in this study were 
performed with the source at 560°C and the sorbent at 800°C. This method ensured 
that the concentration of cadmium vapors around the sorbent was much below 
saturation, thereby preventing any physical condensation on the outer surface of the 
sorbent. 
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Heating of the cadmium source resulted in vaporization of CdCI, which was 
carried by the flue gas through the sorbent fixed bed. The percentage of cadmium 
adsorbed was determined from the amount of cadmium delivered (microbalance 
measurement) and the cadmium content of the sorbent at the end of the experiment. 
The cadmium content of the sorbent was determined by dissolving the samples in a 
H,O/HF/HNO, (2/1/1 proportion by volume) mixture and subsequently analyzing the 
solution by atomic absorption spectroscopy. Separate water leaching experiments were 
performed to determine the water soluble fraction of adsorbed cadmium. The leaching 
of cadmium was conducted at 40°C in an ultrasonic bath for two hours. The cadmium 
content of the solution was subsequently determined by atomic absorption spectroscopy. 

Study of Sorption Details: A microbalance reactor system was used for studying 
the sorption details. The sorbent flakes were suspended by a platinum wire from the 
microbalance. The weight of the sorbent was continuously monitored during the 
experiments by the microbalance. The cadmium source was placed in the horizontal 
arm of the reactor. The simulated flue gas from the gas preparation section was split in 
two parts. One part entered the reactor from the inlet below the balance and the 
remaining gas entered through the horizontal arm in which the cadmium source was 
placed. The cadmium source was heated by a heating tape and a furnace heated the 
sorbent flakes. All experiments were conducted with the source temperature of 560OC 
and the sorbent temperature,of 800OC. When steady flow rates and cadmium 
concentrations were achieved, the sorbent was exposed to the cadmium containing flue 
gas. The sorbent weight was continuously recorded as it captured the cadmium vapors. 
The microbalance was continuously purged with ultra high purity nitrogen gas. 

Results and Discussion 

Screenine Emeriments 

The results obtained from the screening experiments are given in Figure 2. 
Multiple experiments were conducted for most of the sorbents and good reproducibility 
was obtained. Since all experimental parameters except the sorbent type were 
kept constant, the amount of cadmium adsorbed is a good indication of the sorbent 
effectiveness (rate) for cadmium removal from hot flue gases. The most obvious 
feature of these results is the difference in the ability of the sorbents to capture 
cadmium from the flue gas passing through them. Alumina and bauxite had the highest 
cadmium capturing efficiencies. A large fraction of the cadmium captured by these two 
sorbent was water insoluble. Silica and kaolinite were not effective for removal of 
cadmium. Since cadmium chloride has a high water solubility, the formation of water 
insoluble compounds on  sorption by alumina and bauxite leads to the conclusion that 
chemical reaction is the dominant mechanism of cadmium capture by these sorbents. 
Lime, a sorbent used for removal of sulfur compounds, did not have a high cadmium 
capturing efficiency. Since most of the cadmium captured by lime was water soluble, 
physical condensation is the dominant mechanism of cadmium capture for lime. From 
the screening experiments, it seems that compounds containing aluminum oxide have a 
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high cadmium capturing efficiency. Bauxite was therefore further studied to determine 
the mechanism of cadmium capture. Since previous studies have indicated that kaolinite 
is a good sorbent for removal of lead and alkali compounds, it was also included in the 
mechanistic study. 

Details of the Som . tion Process; 

In the first part of this study, the cadmium sorption capacity of kaolinite and 
bauxite was investigated at 800°C. In these experiments the sorbent flakes were exposed 
to cadmium vapors until no further mass change was observed. The profiles for sorption 
for both kaolinite and bauxite are shown in Figure 3. The rate of sorption decreases 
with time and a final limit is achieved beyond which no further cadmium sorption takes 
place. The observed initial rate for cadmium capture by kaolinite was much slower than 
that for bauxite. This is consistent with the results from the screening experiments, 
where kaolinite captured much less cadmium compared to bauxite. Also, the final 
saturation limit for kaolinite (18%) was found to be lower than that for bauxite (30%) 
(Figure 3). When the concentration of cadmium in the flue gas wa reduced to zero, no 
desorption from either sorbent was observed indicating that reversible physical 
adsorption was not the dominant sorption mechanism. 

X-ray diffraction (XRD) analysis was used to identify the final products formed 
by sorption of cadmium chloride on kaolinite and bauxite. Analysis of kaolinite flakes 
exposed to cadmium vapors indicated the formation of a cadmium aluminum silicate 
compound, CdAl,Si,O, which is water insoluble. Based on XRD results, the following 
reaction scheme is proposed for capture of cadmium : 

A120,.2Si0, + CdCI, + H,O ---- CdO.Al2O,.2SiO2 + 2HC1 (1) 
metakaolinite 

where metakaolinite is the dehydration product of kaolinite. Holland et al. @) also 
observed the formation of this compound whena solid mixture of cadmium carbonate 
and kaolinite was heated to 800°C for twenty hours. Based on  the stoichiometry of the 
overall reaction, 1 kg of kaolinite can capture 0.51 kg of cadmium, forming a product 
which is water insoluble and therefore safely disposable. The maximum weight gain 
postulated from this reaction (58% by weight) is much higher than that obtained 
experimentally in the microbalance reactor setup (18 wt%). 

To further understand the reasons for low sorbent utilization, a kaolinite flake 
which had captured cadmium to its maximum capacity was mounted in epoxy and 
analyzed by SEM and EDX analysis. A cadmium map of the flake shows that cadmium 
is concentrated on the kaolinite edge (Figure 3). An EDX line scan on the flake surface 
indicated that the concentration of cadmium varied from 49 wt% at the edge to 2 wt% 
at  the center. The concentration of cadmium at the edge (49%) is close to the 
value calculated from the postulated reaction mechanism assuming complete conversion , , 
(51%). This indicates that the surface of kaolinite was completely converted by reaction 
to form a cadmium aluminosilicate. Silicon and aluminum maps on the kaolinite surface 
indicate complete uniformity of distribution of these elements on the kaolinite surface. 
Since this flake had captured cadmium to its maximum capacity (microbalance data, 
Figure 3), the non-uniform distribution of cadmium indicates incomplete sorbent 
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utilization. Since the volume of the cadmium aluminosilicate phase is higher than that 
of the aluminum silicate phase, the formation of cadmium aluminum silicate a t  the outer 
surface probably blocks the sorbent pores, resulting in incomplete sorbent utilization. 

XRD analysis of bauxite particles exposed to cadmium vapors indicated the 
formation of two crystalline compounds: a cadmium aluminum silicate and a cadmium 
aluminate. Since the cadmium aluminate has a higher water solubility compared to that 
of the aluminosilicate, bauxite has a larger fraction of water soluble cadmium in the 
screening experiments. The amount of SiO, present in bauxite is not enough to combine 
with all Al,O, to form a n  aluminosilicate compound. Based on the stoichiometry of 
Reaction 1 and the amount of SiO, present, 1 kg of bauxite can capture 0.10 kg of 
cadmium to form a cadmium aluminosilicate. Based on the remaining alumina, 1 kg of 
bauxite can capture 0.94 kg of cadmium oxide forming a cadmium aluminate according 
to the following reaction mechanism: 

A1203 + CdC12 + H,O ---- Cd0.A1203 + 2HCl (2) 

If all the alumina and silica reacted with kaolinite to form cadmium aluminum silicate 
and cadmium aluminate (Reactions 1 and 2), the maximum weight gain possible is 1.06 
kg per kg of bauxite. This is higher than the value obtained in the microbalance 
experiments conducted to completion (0.30 kg/kg bauxite). 

To further understand the sorption mechanism, a bauxite flake exposed to 
cadmium vapors to the point of "no further weight change" was mounted in epoxy and 
analyzed by SEM and EDX analysis. The cadmium map on the bauxite surface 
indicated a non-uniform cadmium distribution (Figure 4). Comparison of the cadmium 
map with the aluminum and silicon maps on the flake surface indicated that regions high 
in both alumina and silica have high concentrations of cadmium. As confirmed by the 
XRD analysis, the cadmium present in the alumina phase reacts to form a cadmium 
aluminate. Regions rich in both alumina and silica combine with cadmium to form a 
cadmium aluminum silicate. EDX analysis of regions high in both aluminum and silicon 
indicated that the cadmium concentration was 26 wt%. EDX analysis of regions high in 
alumina indicated that the cadmium concentration in this phase (11 wt%) was much 
lower than that postulated by Reaction 2. This indicates that the alumina phase does 
not completely react with cadmium to form a cadmium aluminate. This could be due to 
the alumina phase having low porosity thereby preventing complete sorbent utilization. 
Also, formation of a higher volume product on the outer surface could inhibit further 
capture of cadmium. 

From the mechanistic study it is clear that the sorption process under present 
experimental conditions is influenced by diffusional resistances. In practical systems, the 
rate of sorption can be increased by optimization of the sorbent pore structure to 
facilitate intraphase transport of cadmium vapors into the sorbent. The interphase mass 
transport limitations can also be reduced to increase the overall sorption rate. 
For in-situ applications, the efficiency of the sorbent can be increased by decreasing the 
particle size. 
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Conclusions 

1. Bauxite and, to a lower degree, kaolinite are effective sorbents for removal of 
cadmium in combustors and incinerators. 

2. The sorption mechanism and the nature of final products formed have 
important implications in the way each sorbent may be used. Compared to 
kaolinite, bauxite has a higher sorption rate and capacity; however, the 
products of sorption in  bauxite are more water soluble. Therefore, kaolinite is 
more suitable when no leaching from the spent sorbent can be permitted. 

3. The overall sorption process is a complex combination of adsorption, 
condensation, diffusion and chemical reactions. 

4. In adsorbing cadmium chloride, chlorine is not retained by either kaolinite or 
bauxite. Additional cleanup steps may be needed in systems where the 
presence of chlorine in the flue gas cannot be tolerated. 
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Figure 1: Cadmium removal efficiencies of various sorbents. Mass of sorbent used = 
100 mg. T=800T. Amount of cadmium vaporized in each experiment = 6.5 
mg- 
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Figure 3: Cadmium concentration map on kaolinite flake surface 

8 

Figure 4: Cadmium concentration map on bauxite tlake surface. 
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CELLS O N  FIBERS FOR WASTE CLEAN U P  
R o b e r t  C l y d e  

C l y d e  E n g i n e e r i n g  ( 
POB 740644 

New O r l e a n s ,  L o u i s i a n a  70174 

Keywords: C o a l ,  M e t a l s ,  P a p e r  

I N T R O D U C T I O N :  F i b e r s  h a v e  a l a r g e  s u r f a c e  a r e a  s o  many c e l l s  
can  b e  i m m o b i l i z e d .  S u l f u r  c a n  be  t a k e n  o u t  o f  c o a l ,  m e t a l s  
removed f rom w a s t e w a t e r ,  p u l p  m i l l  e f f l u e n t  d e c o l o r i z e d ,  a n d  
a n o n - c o r r o s i v e  r o a d  d e i c e r  made. 

A t  a r e c e n t  c o n f e r e n c e  i n  B o s t o n  ( 1 )  u s e s  a n d  methods  o f  making  
CMA ( c a l c i u m  magnesium a c e t a t e )  were d i s c u s s e d .  Beer  t o l d  how(2)  
c a l c i u m  a c e t a t e  c o u l d  be  s p r a y e d  i n t o  b u r n i n g  c o a l  t o  remove 
70% o f  t h e  s u l f u r  i n  t h e  s t a c k  g a s .  A c i d  r a i n  c a u s e s  much 
damage t o  t r e e s  a n d  l a k e s .  Yang ( 3 )  d e s c r i b e d  methods  o f  making 
CMA from l a c t o s e  ( c h e e s e  whey)  w i t h  o r g a n i s m s  on c o t t o n .  C h a p t e r  
16 o f  a new book ( 4 )  t e a c h e s  p r o d u c i n g  CMA f r o m  g l u c o s e  w i t h  
c e l l s  on r o t a t i n g  f i b e r s ,  c o v e r e d  i n  C l y d e ' s  p a t e n t  4 , 4 0 7 , 9 5 4 .  
CHk i s  a l s o  a non c o r r o s i v e  r o a d  d e i c e r .  S a l t  c a u s e s  m i l l i o n s  o f  
d o l l a r s  damage ' - to  b r i d g e s ,  c a r s  and p l a n t  l i f e .  U s i n g  woody b i o -  
mass o r  o l d  n e w s p a p e r s  a s  a raw m a t e r i a l  would r e d u c e  t h e  c o s t .  

P a t e n t  4 , 5 3 0 , 7 6 3  d e s c r i b e s  removing  u r a n i u m  a n d  o t h e r  m e t a l s  
f rom was e w a t e r .  R e c e n t l y  i t  h a s  b e e n  f o u n d  t h a t  when a s t r i p  
of T y v e d f i b e r  w i t h  Zymomonas m o b i l i s  on i t  was p u t  i n t o  l e a d  
and s i x  v a l e n t  chromium,  t h e  m e t a l s  g o t  n o t  o n l y  on  t h e  s e c t i o n  
immersed ,  b u t  c l i m b e d  r i g h t  up t h e  f i b e r  a n d  g o t  on t h e  f i n g e r s  
of  t h e  h o l d e r ,  a l l  i n  a c o u p l e  s e c o n d s .  The E P A  w i l l  soon l o w e r  
t h e  l i m i t s  on l e a d  i n  d r i n k i n g  w a t e r ,  a n d  Cr6 i s  a l s o  v e r y  t o x i c .  

Thousands  of  l a w s u i t s  h a v e  b e e n  f i l e 2  a g a i n s t  p a p e r  m i l l s  f o r  
p u t t i n g  d e a d l y  d i o x i n  i n t o  r i v e r s .  I t  a l s o  g e t s  in m i l k  c a r t o n s ,  
f i s h ,  t e a  b a g s ,  a n d  d i a p e r s .  The f u n g u s  Phaner*ocha ,e te  c h r y s o s -  
W m  grows on f i b e r s  a n d  h i g h  a r e a  C e l i t e  e n t r a p p e a  i n f i b e r s ,  
t o  d e c o l o r i z e  p u l p  m i l l  e f f l u e n t .  IJhen a n  RBC ( r o t a r y  b i o l o g i c a l  
c o n t a c t o r )  i s  r u n  h a l f  f u l l  and  a l i g h t  s h o n e  i n  t h e  t o p ,  t h e  
l i g h t  h i t s  a t h i n  moving f i l m .  UV l i g h t  d e s t r o y s  d i o x i n .  I n  
most p h o t o  r e a c t o r g , c o l o r e d  s o l u t i o n  b l o c k s  t h e  l i g h t .  

Methanol  c a n  be made from c o a l ( 5 )  and  d i s s o c i a t e d  t o  c l e a n  burn-  
i n g  CO and H2 w i t h  20% i n c r e a s e  i n  e n e r g y  ( b e c a u s e  waste h e a t  
f rom t h e  e x h a u s t  i s  u t i l i z e d )  a s  i n  p a t e n t  4 , 4 2 0 , 4 6 2 .  

Wayman ( 4 )  c o n f i r m s  t h a t  s u g a r .  c a n  be  f e r m e n t e d  t o  a l c o h o l  f o r  
g a s o h o l  i n  1 5  m i n u t e s .  D a l e  ( 7 )  r e p o r t s  t h a t  when y e a s t  i s  i m -  
m o b i l i z e d  o n  f i b e r ,  h i g h  r a t e s  o f  mass  t r a n s f e r  a r e  a c h i e v a b l e  
even  a t  low a g i t a t o r  s p e e d s .  
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< 
Oid c a r s  a n d  t r u c k s  t h a t  u s e  l e a d e d  g a s o l i n e  p u t  t h e  l e a d  i n t o  
a i r  and  r a i n  washes  i t  i n t o  d r i n k i n g  w a t e r  s u p p l i e s .  I f  g a s o h o l  
were u s e d  t h i s  would n o t  be a p r o b l e m .  S u g a r  c a n  be c o n v e r t e d  
t o  a l c o h o l  a s  f o l l o w s :  

', 
< 

A few s p o o n s  o f  C e l i t D ( f r o m  M a n v i l l e  Company, Denver ,  CO) a r e  
s l u r r i e d  i n  w a t e r  a n d  p o u r e d  i n t o  a f e r m e n t e r  w i t h  r o t a t i n g  
f i b e r s  (Reemay 2033 f rom Reemay Co. Old H i c k o r y ,  T e n n . )  o f  
p o l y e s t e r .  The u n i t  i s  s t e r i l i z e d  and  Zymomonas m o b i l i s  (NRRL 
14023,  US D e p a r t m e n t  o f  A g r i c u l t u r e ,  P e o r i a ,  11,) i s  a d d e d .  I t  
t a k e s  a b o u t  30 h o u r s  f o r  t h e  c e l l s  t o  grow and  a t t a c h  t o  t h e  
f i b e r s ,  and  t h e n  t h e  f e r m e n t e r  i s  f l u s h e d  w i t h  f o u r  times i t s  
volume o f  n u t r i e n t  w h i c h  i s  1 0 %  g l u c o s e ,  1 O g / l  y e a s t  e x t r a c t  
( f rom D i f c o )  a n d  1 g / l  o f  t h r e e  s a l t s  (NH4)2S04 &?SO4, and  
KH PO i s  uSed i n s t e a d  of 
KH2P04' A f t e r  f l u s h i n g ,  a l i q u o t e s  a r e  t a k $ n  and i n  1 0  m i n u t e s  
4 % 2 e t k a n o l  i s  measured  by HPLC. T h i s  i s  a n  80X y i e l d ,  s i n c e  
one mol o f  g l u c o s e  i s  f e r m e n t e d  t o  two o f  e t h a n o l  and  two o f  CO 
and t h e  m o l e c u l a r  w e i g h t s . o f . t h e s e  
s o  t h e  t h e o r e t i c a l  y i e l d  i s  5 1  g / l .  The u n i t  c a n  t h e n  b e  r u n  f o r  
s e v e r a l  weeks w i t h  r e s i d e n c e  t i m e s  o f  10 m i n u t e s .  Some a l c o h o l  
can  be s t r i p p e d  o f f  a n d  s u g a r  r e c y c l e d .  I f  96X y i e l d  i s  d e s i r e d ,  
i t  can  be  r u n  w i t h  a 1 5  m i n u t e  r e s i d e n c e  t i m e  a s  Wayman d i d .  
We b e l i e v e  t h a t  t h i s  r e a c t o r  d e s i g n  i s  s o  e f f i c i e n t  b e c a u s e  
n u t r i e n t s  h a v e  i n t i m a t e  c o n t a c t  w i t h  c e l l r . ,  and  t h e  same t h i n g  
s h o u l d  a p  ly t o  o t h e r  a p p l i c a t i o n s .  Membranes a r e  e x p e n s i v e  
but  T y v e & f i b e r  f rom DuPont i s  n o t  ( o n l y  7 5 c / s q . y d )  d i t  h a s  
s m a l l  p o r e s  a n d  many f i b e r s  s o  we p l a n  on u s i n g  T y v e g i n  p l a c e  
of Reemay. Zymomonas on  Tyvek i s  shown i n  F i g .  1 .  

I f  t h e  pH i s  l o w e r  t h a n  6 ,  K Z H P O  

a r e  a b o u t  t h e  same ( 4 6  a n d  8 4 )  
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ABSTRACT 

Coal gasification generates solid waste materials in relatively large quantities, and their disposal can 
represent a significant expense. For example, a 100-MW power plant based on IGCC technology 
using 1000 tons of 10% ash coal per day may generate over 110 tons/day of solid waste or slag, 
consisting of vitrified mineral matter and unburned carbon. As coal gasification technologies, 
considered clean and efficient methods of utilizing coal, find increasing applications for power 
generation, it becomes imperative that slag utilization methods be developed, tested, and 
commercialized in order to address the costly problems associated with its disposal as solid waste. 
This paper presents an overview of the experimental work that has been conducted to characterize 
samples of slag from various gasifiers and to identify and test a number of commercial applications 
for their utilization, and discusses various issues with regard to slag utilization. In the course of 
examining various utilization applications for a number of coal gasification slags that parallel those 
developed for fly ash, a better understanding of slag as a construction material has been achieved. 
The applications tested include the use of slag as an aggregate for road construction, cement 
concrete and asphalt concrete, and production of lightweight aggregate from slag. 

HISTORICAL PERSPECTIVE ON COAL WASTE UTILIZATION 

In the past decade, fly ash, bottom ash, and boiler slag have increasingly been utilized in 
construction and other applications. In 1984, 51 million tons of fly ash was generated nationwide, 
of which 10 million tons, or 19.6%. was utilized in a number of applications. In Europe and Japan 
combustion solid wastes are utilized to a greater extent; this is attributed to the demand for 
construction aggregate and fill materials, the shortage of space for waste disposal, and 
environmental and economic factors. 

The search for utilization applications for coal gasification slag parallels that of fly ash, which has 
been tested successfully for a variety of applications including aggregate stabilization in airport, 
highway, and dam construction, engineered backfill, soil amendment, cement additive, and 
lightweight aggregate production. A number of similar applications for gasification slag have been 
studied by Praxis Engineers, Inc. under a series of contracts funded primarily by the Electric Power 
Research Institute (EPRI) with additional support from Texaco, Inc. and Southern California Edison. 

DEVELOPMENT OF SLAG UTILIZATION TECHNOLOGY 

Using fly ash utilization as a model, Praxis started work in 1986 to develop the utilization of 
gasification slag. The steps involved in this approach can be summarized as follows: 

Coal gasification slag, solid waste utilization, slag lightweight aggregate 

o Measurement of physical and chemical properties expected to affect the 
utilization of slag, 

Screening of conventional industrial and construction materials and 
products for potential slag utilization applications, 

o 
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o Comparison of the properties of gasification slag with the specifications 
established for other materials to identify possible slag substitution, 

Testing of promising applications at the bench scale, 

Enhancement of the properties deemed significant from the utilization 
viewpoint by simple, low-cost preparation techniques, and 

Selection of successful applications for further testing at the pilot or 
demonstration level. 

o 

o 

o 

Initial testing was performed using slag samples from the Cool Water Demonstration Plant (CWDP) 
to demonstrate this methodology. The Cool Water plant was based on the Texaco gasification 
process. Sixteen potential applications for the utilization of gasification slag were initially identified 
based on a comparison of the preliminary characteristics of CWDP slag with those of ash by- 
products. The most promising of these applications included use of slag as a soil conditioner, 
abrasive grit, roofing granules, ingredient in cement and concrete manufacture, road construction 
aggregate, and lightweight aggregate. The results of this work were summarized in a paper' and 
presented in an EPRl reporf. 

Once successful utilization concepts had been identified for this slag, samples of another slag 
generated at CWDP from a different coal feedstock and three other slags generated from different 
gasifiers were also evaluated'. The three additional gasifier technologies were the Shell Coal 
Gasification Process, the British Gas Corporation/Lurgi Sagging Gasifier, and the Dow Entrained- 
Flow Gasification Process, using single-stage operation. 

In a parallel study, use of slag for the production of synthetic lightweight aggregate was 
investigated. The findings of this study were presented in an EPRl report'. In a follow-on project, 
the production of lightweight aggregate from slag was successfully advanced to the pilot scale. 

COAL GASIFICATION SLAG PROPERTIES 

The physical and chemical properties of coal gasification slags were found to be related to the 
composition of the coal feedstock, the method of recovering the molten ash from the gasifier, and 
the proportion of devolatilized carbon particles (char) discharged with the slag. The rapid water- 
quench method of cooling the molten slag inhibits recrystallization, and results in the formation of 
a granular, amorphous material. Some of the differences in the properties of the slag samples that 
were characterized may be attributed to the specific design and operating conditions prevailing in 
the gasifiers. For instance, the British Gas/Lurgi gasifier produced a slag with a distinct iron-rich 
phase in addition to the silicate phase, and the Texaco gasifier generated slag containing a higher 
proportion of discrete char particles. 

In general, slag is nominally in the 5-mm x 0.3-mm size range, which is equivalent to the 
classification for fine aggregates used in cement concrete and asphalt concrete. The apparent 
specific gravity of slag ranges between 2.64 and 2.81, and its dry compacted unit weight is between 
70.1 and 104.9 Ib/ff. The water absorption capacity of slag varies from 2 to 16% and increases 
with its char content. 

The elemental composition of the slag samples with respect to both major and trace elements is 
similar to that of the gasifier feed coal ash, as shown in Table 1. The major constituents of most 
coal ashes are silica, alumina, calcium, and iron. Slag fluxing agents, when used to control molten 
ash viscosity inside the gasifier, can result in an enrichment of calcium in the slag. 
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The cool Water slag was classified as nonhazardous under the RCRA regulations. EP toxicity and 
ASTM extraction tests were run on a number of slags to evaluate their leachability. The slags 
appear to be nonleachable with respect to RCRA-listed metals. Tests for eight common anions 
were run, with only sulfate anions being detected at significant concentrations (25 to 200 mg/l). 

EVALUATION OF POTENTIAL UTILIZATION CONCEPTS 

Selection of applications to utilize gasification slag must take into account the fact that it is in 
competition with conventionally used materials whose acceptability has been established over long 
periods. In this effort, the emphasis was placed on evaluating the functional requirements of various 
applications (such as compressive strength in the case of cement concrete) in order that existing 
specifications-written for natural materials-do not rule out slag utilization. Ultimately, if slag is found 
to satisfy the functional requirements of an application, suitable standards can be established for 
its use in particular cases. A precedent for this procedure is the creation of a standard such as 
ASTM C 989-87a which was adopted for utilization of ground blast-furnace slag as cement. 

Selection of the specific utilization concepts was guided by the following criteria: 

o Similarity between the properties of slag and those of the material it 
replaces, and 

0 Achievement of comparable final products meeting the necessary 
functional requirements. 

Based on these criteria, a number of utilization concepts were identified. These include: 

Agriculture: 

Industrial material: 

Cement and concrete: 

Road construction and 
maintenance: 

Synthetic aggregate: 

Landfill and soil 
stabilization: 

Resource recovery: 

Soil conditioner, lime substitute, low analysis 
fertilizer, carrier for insecticides 

Abrasive grit, catalyst and adsorbent, roofing 
granules, industrial filler, mineral (slag) wool 
production, filter media 

Concrete aggregate, mortar/grouting material, 
pozzolanic admixture, raw material for portland 
cement production, masonry unit production 

De-icing grit, fine aggregate for bituminous 
pavement, base aggregate, subbase aggregate, 
seal-coat aggregate 

Lightweight construction aggregate, landscaping 
material, sand substitute 

Soil conditioner to improve stability, structural fill, 
embankment material 

Source of carbon, magnetite, iron, aluminum, and 
other metals 

Of these, a number of high-volume applications were tested at the laboratory scale and found to 
be suitable. For example, the potential for using slag as a fine aggregate for base, subbase, and 

1755 



backfill applications is suggested by the slag size gradation. Shear strength, permeability, and 
compaction test data also indicate that slag would perform well as an aggregate fill material. While 
these applications would consume large quantities of slag they provide few economic incentives 
to the industry to replace cheap and abundant conventional materials with slag at this stage. 
However, as concern about the environment increases and recycling of waste products becomes 
a priority, this situation could change rapidly. 

USE OF SLAG IN ROAD CONSTRUCTION 

The use of slag in road construction was studied by testing various asphalt mix designs 
incorporating slag. By itself, the slag was not found to be suitable for surface pavement 
applications due to the lack of coarse particles and the tendency to degrade when abraded. 
However, its use as a subbase and base material in road construction is quite feasible as it meets 
a number of requirements for resistance values, e.g., the California Department of Transportation 
standards for Class 1 ,  Class 2, and Class 3 subbases, and Class 2 aggregate base. To 
compensate for the high proportion of fine material in the slag, it may need to be mixed with a 
coarser material for use in specification base material and as an asphalt concrete aggregate. 

Asphalt concrete hot mixes containing varying concentrations of asphalt and 30-50% slag by weight 
as the fine aggregate were tested for their strength (S-values) in a laboratory. A mix in which 30% 
slag was combined with 6% asphalt yielded an S-value of 50, which is much higher than the 
minimum value of 30-37 required for various grades of asphalt concrete. This mix, which had good 
workability, compares favorably with the standard test mix containing 5% asphalt, with an S-value 
Of 50. 

' USE OF SLAG IN CEMENT AND CONCRETE 

The composition of the slag and its natural pouolanic properties are similar to the raw material 
used to make portland cement clinker. In this application, the slag carbon (char) content may be 
beneficial and may provide some of the fuel needed to make the clinker. The slag could also be 
added to cement clinker and ground with it. 

The carbon content of some of the slags is far higher than the 1% limit placed on aggregate. This 
makes it necessary to recover the unburnt carbon from the slag, both in order to meet the standard 
for aggregate and to improve the process economics. Char removal was accomplished by means 
of simple specific gravity devices. The recovered char is a usable by-product. 

Several batches of concrete were prepared using slag to replace varying quantities of the sand in 
the mix. Specimens in which 50% and 75% of the sand was replaced by slag had compression 
strengths of 2786 and 2483 psi respectively, over a 28-day curing period. This compared well with 
the control sample containing no slag, which had a compression strength of 3407 psi. These 
results indicate that slag could be used to replace a large proportion of the fine aggregate in making 
light-duty nonstructural concrete. 

Tests to replace some of the fine aggregate used to make concrete with slag were performed by 
substituting 50% of the sand by slag. The test specimens achieved satisfactory results, with 
compressive strengths ranging from 3000 to 3500 psi, compared with a control strength of 3900 psi 
at the same cement content. These results satisfy typical compressive strength requirements of 
2000 psi for concrete pads for sidewalks, driveways, and similar applications. 

Another series of tests involved using slag ground to a fine powder as a cement replacement. 
Cement additive requirements have been established for blended cements in ASTM C 595 which 
covers five classes of blended hydraulic cements made from conventional materials for both general 
and specific applications. Following initial exploratory tests, it was concluded that it was necessary 
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to Process the slag samples to remove potentially deleterious substances. The lighter char fraction 
Was removed from one of the slags by density separation, and an iron phase was recovered from 
another slag by magnetic separation. The percentages of cement replaced by slag in these tests 
Was 15% and 25% respectively. The use of processed slags resulted in a more successful 
replacement of cement by slag. All of the 15% slag-cement blend samples exceeded the 3-, 7-, and 
28-day strength requirements of 1800, 2800, and 3500 psi respectively, and one of the four slags 
tested exceeded these requirements at the 25% replacement level. The other three 25% 
replacement level slag samples achieved the required 28-day strength but did not satisfy the 3- and 
7- day requirements. The average 28-day strength for the 15% blend was 5600 psi, and that of the 
25% blend was 4900 psi. 

The success of the prepared slagcement blends in achieving long-term compressive strength 
suggested that the ground slag would also qualify as a pozzolanic mineral admixture. A pozzolan 
is a finely ground siliceous material which can react with calcium ions, in the presence of water and 
at room temperature, to form strength-producing calcium silicate minerals in a manner similar to 
cement reactions. A 35% replacement of cement by slag was evaluated'in accordance with the 
procedures outlined in ASTM C 31 1. The success of a pozzolanic test is measured by the 
Pozzolanic Index, which indicates the ratio of the sample's compressive strength to that of an 
ordinary portland cement control sample. All of the concrete samples thus produced exceeded the 
Pozzolanic Index requirement of 75%, with index values ranging between 90 and 118%. 

SLAG LIGHTWEIGHT AGGREGATE 

Lightweight aggregates (LWA) have unit weights that are approximately 40-60% those of standard 
aggregates. Annual consumption of LWA in the United States for various applications Is 
approximately 15 million tons. Major applications of LWA are in the production of lightweight 
structural concrete used in highrise buildings and lightweight precast products such as roofing tiles. 
masonry blocks, utility vaults, cement concrete pipes, etc. Conventional LWAs are produced by 
pyroprocessing of naturally occurring expansible shales or clays at temperatures ranging between 
1880 and 2200°F after pulverizing, working into a paste, and extruding them to produce pellets of 
the desired size. The strength requirements for lightweight concretes made from LWA are given 
in Table 2. 

Slagbased lightweight aggregates (SIA) were produced by duplicating the processing methods 
used for commercial LWA manufacture. These steps included grinding the slag, mixing it with a 
clay binder and water, and extruding it to form long strands that were cut to the desired sizes. 
These wet green pellets were then dried and fired in a laboratory muffle furnace at 1800°F for 4 
minutes. A unit weight of 45 Ib/ff was measured for the SLA, which is below the minimum coarse 
LWA specification of 55 Ib/ft'. Concrete made from the SLA had a 28-day compressive strength 
of 3100 psi and a unit weight of 105 psi, which exceeds the ASTM requirements shown in Table 2. 

Further tests have confirmed that the density of the SLA can be controlled as a function of the firing 
temperature, as shown in Figure 1. This indicates that SIA products can be produced to meet 
specific density requirements such as those for cement concrete LWA. lightweight concrete 
masonry units, or ultra-lightweight material used in insulating concrete. 

Tests on discrete 2-mm particles of each slag showed that they also expand to form a lightweight 
material when fired at 1600-1900°F. Further tests on all particles larger than 0.3 mm, without 
pelletization, confirmed this phenomenon. The materials resulting from these tests had unit weigM 
values of 15-25 lb/ff. The concrete produced from one of the expanded slag samples had a unit 
weight of 33 Ib/ff, which qualifies it to be classified as an insulating concrete. However, it had a 
compressive strength of only 125 psi which is somewhat lower than the strength of commercially 
available insulating concretes at 200-250 psi. It is expected that the strength can be considerably 
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increased with minor adjustments to aggregate gradation and the cement proportions used to 
formulate these test samples. 

The experimental work on slag utilization has been developed to the continuous pilot scale for the 
production of SLA from slag. The results from this test program have been very encouraging and 
have confirmed the bench-scale test results. During the tests, engineering information on energy 
requirements, scale-up information, and off-gas analysis was obtained, and the mechanism of slag 
expansion was investigated. The energy requirements for SIA production are considerably lower 
than those for conventional LWA production due to the lower kiln temperatures required for slag. 
Samples of the SLA generated during the pilot tests are undergoing extensive testing. 

CONCLUSIONS 

Gasification slag has been determined to be an environmentally nonhazardous material, whose 
unique properties may be attributed to the composition of the mineral matter in the coal feedstock 
and the method of quench-cooling applied in the gasifier. Bench-scale test data have shown that 
there are a number of promising applications for the utilization of gasification slags. In particular, 
the utilization of slag in applications such as road and construction aggregates, cement additives, 
and lightweight aggregates has been demonstrated. Production of slag-based LWA (or SLA) is 
feasible and should be established as a priority. The high unit price of LWAs will permit SLA to be 
transported for greater distances while remaining economically competitive, thus rendering slag 
utilization less sensitive to the location of the gasifier. 

FUTURE OF SLAG UTILIZATION 

Currently, in most utilization scenarios, gasification slag would be used as a replacement for 
materials that have a relatively low unit cost, such as road aggregates. Unless potential commercial 
users of slag are provided with extensive characterization and utilization data, the economic 
incentives alone are unlikely to be sufficient to cause them to incorporate slag into their production 
scenarios. The initial resistance to the use of new materials that may be encountered in the 
construction materials manufacturing industry can be addressed in two ways. First, the slag 
producer can supply complete engineering data on slag utilization to the prospective end user, who 
would then be responsible for any processing steps that might be required for a particular 
application. An alternative, more comprehensive approach would be for the slag producer to deliver 
the slag to the end user in a form that meets the user's specifications; these specifications could 
vary depending on the market demand in the vicinity of the gasifier. If recent legislation in California 
can be used to gain an insight into coming regulatory trends, at least 50% of the slag produced in 
the state will be required to be utilized in the coming decade, thereby creating additional incentives 
for producers and prospective end users to work together to realize its utilization potential. 
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Table 1 

COMPARATIVE COMPOSITION OF TYPICAL BLAST-FURNACE SLAG, COOL WATER FEED 
(UTAH) COAL ASH, AND COOL WATER SLAG 

Cool Water (Utah) 
Mineral Blast Furnace Slag Coal Ash Cool Water Slag 

3242 

3245 
7-1 6 

5-1 5 
0.1-1.5 
0.2-1 .o 
1 .o-2.0 

48.0 
11.5 
25.0 
4.0 
7.0 

NA 
NA 

40-55 
10-1 5 
10-1 5 
2-5 
5-10 

' NA 
< I  

Table 2 

UNIT WEIGHT, MINIMUM COMPRESSIVE STRENGTH, AND TENSILE STRENGTH 
(28-Day Requirements for Structural Concrete, ASTM C 330) 

100% LWA mix SandILWA Mix 
Unit Weight Compressive Unit Weight Compressive 

I b l v  Strenath. Dsi I b l v  Strenath. mi 

115 115 4000 
110 4000 110 3000 
105 3000 105 2500 
100 2500 100 
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Figure 1. Time/Temperature/Density Relationship for Expansion of Slag 
Pellets 
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ASH UTILIZATION AND DISPOSAL 
by 

CARL A. HOLLEY 
PRESIDENT 

FERRO-TECII, INC. 
WYANDOTTE, MI 48192 

ABSTRACT 

?%ere are many changes taking place In the utilizatlon and disposal of 
ash and related materials a?.& each day it seems that there are eore 
res,trictions on the disposal of ash. In one project, sass Sur3 ash 
has been screened to remove the plus one inch pieces and then combined 
wiTh tile fly ash and portland cernent to produce a pellet that I s  nor.-- 
leaching with all of the heavy netals :‘fixed”. 

In the northeaster- United States, the as3 f r o s  clrculatins flu2dIzed 
bed corr.bustors needs to be pelletized so it car. be trazsported back 70 
the mine for easy disposal. The ash car. also be blended with dlgestec? 
municipal sewase sludge to form a soil additive whic:? contains iime 
and nutrients. 

Tte new c?ean air standards are making it necessary for Utilities :O 
install sulfur dioxide scrubbers which produce gypsun. This gypS’L1:: 
- - A L e r  cake can be pelletlzed so t?at ttle pellet ?rociLced can 3e 
utllized in the fimal grin2 of Portlantl ceeect o r  ca?. be disposed of 
iz a r.on-leach<ng pile. 

We kave taken the lead In prod-cing these aggionrratioz techzlyues and 
many more processes which we will describe and show the detailed 
2rocess $:ow diagrarr. for eac!: of these methods. 

F: : L 

_. 1r.e util5zation and disposal of fly as5 i- a legal and environmental:y 
safe nan-rer is becorr.lnt; a ma:or cr.t;lneerir.g c‘r.aller.ge becase of 
rapidly c5arginy governzent laws axi reyu?ations. 

*sere are m a n y  chan5es taking place ir. ash nanageeent based on the 
fact that pellets car. be produced whick a r e  con-leach2r.g. Pellets car. 
be xooed wit?. conventional bulk material handling ecpipment wltk.ozt 
producing a d u s t y  envlronment. The ?ellets can be disnosetl of In any 
type site and do not need to be placed in a lined landfill. In 
addition, slight nodifications .‘LO the pelletizing process can Traduce 
usable products snch as lightweight aggregate o r  aggregate to be 
utilized in asp5alt. 

We see that each situation o r  plant zeeds to be treated as a separate 
problen and a process developed to solve that particular problem. The 
two k e y  9ieces of equipme-? required to process fly ash are the Ferro- 
Tecb.-Turbulator” (Figure 1 )  and the Ferro-Tech 3isc Pelletizer (Figure 
2 ; .  ?he Ferro--Tech-T.;rbula:orl* is a proprietary, i n t e l s e .  hlghly 
efficient, agitative agglomeration device. Tk.e unlt has maximum effi- 
ciency because it operates by flnidizing the material and atomizing 
the icjected liq-id. Each whirling dust particle is uniforzly coated 
with a very t h i n  iayer of water or other binder. These coated dust 

m. 
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particles, moving at a high velocity in suspension, collide and impact 
with great force with the other coated, spinning particles within the 
turbulent wake created behind the pins, forming a very uniformly sized 
and dense particulate or microgranule. The thick, resilient polymer 
liner in the Turbulator'" combined with critical close pin tip toler- 
ance causes the pins to fully sweep or wipe the liner, eliminating 
product build-up on the inner casing of the TurbulatorR body. Because 
of the intensity of the Turbulator", it can efficiently pre-blend, de- 
dust, blend, condition, densify, hydrate and micropelletize all types 
of fine powders, dust, fume and hard-to-wet particulates. The fly ash 
particles are uniformly coated with water in the Turbulator'" before 
they are discharged to be pelletized in the disc pelletizer. The 
conditioning step in the Ferro-Tech-Turbulator- compensates for the 
variation in particle size and surface area which is an inherent 
quality of fly ash, due to changes in combustor operations and 
variation in fuel. 

CIRCULATING FLUIDIZED BED COMBUSTOR ASH AGGLOMERATION 

Most of the new cogeneration plants are ntilizing a circulating 
fluidized bed combustor principle which burns coal having reasonable 
ievels of sulfur (up to 3%). The ash from these combustors consists 
of two fractions, bed drain or bottom ash and fly ash. The bed drain 
ash is approximately 25 to 30% of the total ash. The best ash systems 
keep the two ash fractions separated so they can be blended uniformly 
together for agglomeration. The fly ash can be agglomerated alone, 
but t h e  bed drain ash must be blended with at least 50% fly ash before 
quality pellets can be produced. 

The basic process flow diagram for producing a 1/4" x 1/2" pellet is 
shown in Figure 3. This system includes two ( 2 )  surge bins with 
feeders feeciing the ash into a Ferro-Tech-Turbulator" where most of 
the water required for pelletizing is added. The conditioned ash from 
the Turbulator'* discharges directly into the disc pelletizer where 
pellets are formed. This disc pelletizer is designed for this spec- 
ific agglomeration application. The pellets or green balls from the 
disc pelletizer have a modest amount of strength so that they can 
withstand the treatment of the material handling system to the pellet 
curing area. The pellets require some curing if they are to be moved 
by normal material handling methods. After curing, a typical 1/2" 
diameter pellet may require a force of 300 pounds to crush it. These 
pellets can easily be utilized as road bed material or as aggregate in 
concrete. 

CIRCULATING FLUIDIZED BED COMBUSTOR ASH AGGLOMERATION 
(High Sulfur Coal) 

When a high sulfur coal (above 3%) is burned in a circulating fluid- 
ized bed combustor, this fly ash acts very differently. When water is 
added to the fly ash in a Ferro-Tech-TurbulatorR. the ash very quickly 
( 5  to 10 minutes) gains temperature. A typical temperature is shown 
in Figure 4 where the temperature rose to 290' F in seven minutes. If 
enough water has been added to produce pellets, the pellets will 
quickly heat up and will completely disintegrate becoming an even 
finer dust than it was in the beginning. 
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The process flow diagram necessary to produce pellets from this fly 
ash on which Ferro-Tech holds a patent is shown in Figure 5. The 
conditioned fly ash from Turbulator"' No. 1 is discharged directly into 
a conditioning bin where the fly ash hydrates and the temperature 
increases to as much as 300' F. The conditioned material from 
Turbulator"' No. 1 is retained in the conditioning bin until all of the 
water which was added in Turbulator"' No. 1 has chemically reacted and 
the fly ash is completely dry. During the hydration phase, .the 
chemical reaction will produce much finer particles with a lower bulk 
density than the original fly ash. The material from the conditioning 
bin is fed into Turbulator'" No. 2 where most of the water for 
pelletizing is added. Again, the material from the Turbulator'" is 
discharged directly into a disc pelletizer where pellets are formed. 
The pellets are placed in a curing area .where they cure and gain 
strength. 

FLY ASH LIGHTWEIGHT AGGREGATE 

One of the better uses for ClaFs F and Class C fly ash from pulverized 
coal power plants is to prodnce lightweight aggregate. This aggregate 
can be utilized to produce lightweight concrete block and other 
masonry forms. The basic process flow diagram for the process is 
shown in Figure 6. The aggregate seems to have many advantages over 
other lightweight aggregates including its spherical shape. The 
aggregate produced by this process bonds to the mortar with both a 
mechanical bond and a chemical bond instead of just a mechanical bond 
as is true of other non-reactive aggregates. 

The bulk density of the aggregate is approximately 45 to 50 
lbs./cu.ft. The typical sieve analysis (ASTM C136) of the aggregate 
for concrete block is: 

Sieve Size 

1/21? 
3/a" 

4 mesh 
8 mesh 
16 mesh 
50 mesh 
100 mesh 

Product 
Percent Passinq 

100 
99 
83 
49 
31 
19 
1 5  

Specification 
Percent Passing 

100 
90 - 100 
65 - 90 
35 - 65 

10 - 25 
5 - 15 

-_- 

SYNTHETIC GYPSUM & FLY ASH PELLETIZING 

One of the major problems at pulverized coal power plants burning high 
sulfur coal which have a wet line scrubber is how to dispose of the 
synthetic gypsum slurry. One very simple solution is to produce a 
pellet by blending dry fly ash with the gypsum filter cake or even 
with the gypsum slurry. Figure 7 shows the basic process flow diagram 
for the required system. In this system, the filter cake is metered 
into the Ferro-Tech-TurbulatorTm at a constant rate. The feed rate of 
the fly ash is controlled by a Ferro-Tech patented moisture control 
system on the disc pelletizer. This system adjusts-the feed rate to 
maintain a constant surface moisture on the pellets which are about to 
discharge from the disc pelletizer. 
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The pellets from the disc pelletizer are placed in a curing pile where 
they gain strength before being placed in a landfill. The pellets 
increase in strength quickly and can then be transported in standard 
material handling equipment. 

MASS 8URN ASH AGGLOMERATION 

The processing of mass burn ash is in a state of change since there is 
obviously a need to produce a product that has all of the heavy metals 

process both the bottom ash and the fly ash. Processing the bottom 
ash alone is ver.y difficult because of the extreme variation in the 
size of the pieces and in the high moisture of the materia?. A finger 
screen can be utilized to separate the plus one inch particles from 
the minus one inch pieces even though the moisture may be as high as 
20 to 25% as shown in Figure 7 .  

Once the oversized pieces are removed, the available fly ash is added 
uniformly along with 15 to 20% Portland cement. These are all fed 
eirectly into a disc pelletizer which is equipped with a reroll ring. 
Moisture is added to the disc pelletizer through spray nozzles until 
pellets are produced. It normally requires a total of 16 to 20% 
moisture to produce pellets. 

The completed pellets are discharged from the disc pelletizer pan into 
the reroil ring where 1 to 3% Portland cement is added to coat the 
pellets. The coating of the pellets with Portland cement serves two 
purposes. The first purpose is to seal the surface of the pellets 
which will assist in eliminating any leaching, the second purpose is 
to keep the pellets from sticking together as they cure in the tote 
bin. 

After approximately seven days of curing, the heavy metals in the ash 
are fixed to the point that they will pass the T.C.L.P. leaching test. 
The pellets will have strength enough to be easily handled and should 
not crush under normal handling. 

CONCLUSION 

Essentially any fly ash can be agglomerated into non-dusting and non- 
leaching agglomerates. The requirements for the agglomerates keep 
changing and become more restrictive as the regulators try to make the 
environment safer. Our goal is to assist the customer in developing 
the best process to fulfill the regulators present and future demands. 
Many of the processes appear to be simple, but there has been much 
experience involved in the development. We feel that the simplest 
process is the best process if it meets all of the customer's goals. 
We know that each situation is unique and a process must be adapted to 
the special ash from a specific plant. It is advisable to cooperate 
with a supplier who has the most experience so you can have confidence 
in their recommendations. 

.I c LAxed" i so they do not leach from a landfill. The requirement is to 
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ABSTRACT 
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A variety o f  methods are being examined by numerous organizations to  render 
hazardous solid residues non-hazardous and to create beneficial uses for ash from 
municipal solid waste incinerators. One method for both purposes is the replacement 
of a portion of the fine aggregate in Portland cement concrete. The strength of the 
concrete drops significantly as the portion replaced increases, even with normal 
additives. This paper presents the greatly improved strengths obtained with ash, 
which has been exposed to a new additive. These results show that up to 35% of 
the concrete can be made up of ash, while still obtaining compressive strengths of 
over 5000 psi (34.5 MPa). Micrographs of the original ash, ash and additive, 
concrete with ash but without additive, and concrete with ash and additive indicate 
the role of the additive. TCLP extractions of this novel new concrete have yet to  be 
conducted. The economics, commercialization and extension of the development to  
other situations are discussed. 

INTRODUCTION 

As landfill space becomes more limited, it becomes more attractive t o  reduce the 
volume of materials being disposed there. Recycling is one approach, waste 
minimization is a second method, and combustion for energy production is the third, 
and ultimate, one. Ash from municipal solid waste IMSW) combustors can have less 
than 10% of the original volume entering the facility. A further reduction in 
landfilling, though, can be realized by developing a beneficial use for the ash. The 
most commonly considered beneficial use of ash is as an aggregate in either 
bituminous or Portland cement concrete. This method has the further advantage of 
displacing sand and gravel, which must be mined from sometimes environmentally 
sensitive locations. Another short-term advantage of this method is its ability t o  bind 
the toxic metals, entering with the MSW [l], into the concreted mass. Controversy 
over the long-term implication o f  the presence of these metals in the concrete has 
arisen, however. The Environmental Defense Fund has expressed vigorous concern 
for the long-term release of these metals as the concrete eventually degrades or is 
reduced to rubble 121. 

Utilizing MSW incinerator ash in Portland cement concrete has been investigated by 
several organizations. At a number of locations, bottom ash (slag) from high- 
temperature combustors is utilized as coarse aggregate in regular concrete (see for 
example References 3 and 4). Utilization of low-strength concretes containing either 
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f ly ash or mixed fly and bottom ash (combined ash) are moving toward commercial 
use in three directions. 

One of these directions is to make block secondary products, such as artificial reef 
blocks, construction blocks, and shore protection devices [5]. Artificial reef blocks 
consist of 85% combined ash and 15% Portland (Type II) cement and have 
compressive strengths o f  about 1000 psi (6.9 MPa). By comparison, standard 
precast Portland cement concrete contains 40% coarse aggregate, 40% fine 
aggregate and 20% Portland cement and has a compressive strength of over 3500 
psi (24.2 MPa). Construction blocks consist of 35-60% combined ash, 25-50% 
sand, 15% Portland {Type IP) cement, and sufficient Acme-Hardesty superplasicizer 
t o  allow the mix t o  flow easily. Compressive strengths vary from 1600 psi (1 1 .O 
MPa) to  2600 psi (17.9 MPa). A boathouse, built recently at  the State University of 
New York at Stony Brook from 14,000 such construction blocks, is being evaluated 
for structural and environmental acceptability. Finally, shore protection devices 
require the use of a patented admixture, Chloranan (manufactured by Hazcon, Inc., 
o f  Brookshire, Texas) at a ratio of cement t o  admixture of 1O:l. Using cement 
percentages between 17 and 33, compressive strengths up t o  4200 psi (29.0 MPa) 
are reported. 

A second approach is the accretion o f  combined ash with Portland cement (8-14%) 
into coarse aggregate for use in roadbeds and concrete [61. This level of 
concretization provides aggregate with strengths of about 1200 psi (8.3 MPa), 
similar to the material, described in Reference 5. Finally, a third approach is the 
stabilization of combined ash with Portland cement (6-10%) to  create land fill covers 
[71. In all o f  these approaches, the ability of Portland cement concrete to  reduce the 
leachability of trace metals from the concreted mass to  meet TCLP standards has 
been a key element of their development. 

A major area which these projects do not address is the precast concrete market. 
For entrance into this arena, compressive strengths between 3500 psi (24.2 MPa) 
and 5500 psi (38.0 MPa) must be achieved. In addition, extensive physical testing 
must be applied and minumum standards met. These tests include tensile strength, 
freeze-thaw, deicing, and abrasion. As the preceding brief review shows, obtaining 
the compressive strengths required by precasters has proven impossible with 
significant amounts of combined ash, even with standard additives. Only those 
concretes made with the addition of large amounts of Chloranan enter this range. 

The School of Engineering at the University of Pittsburgh has recently discovered an 
inexpensive method which permits high-strength concrete to  be produced, containing 
large amounts of combined ash from a MSW combustor. The method, which has 
just been disclosed to  the University as the first step in the patent process, will now 
be described as thoroughly as possible within the limits imposed by that process. 

PORTLAND CEMENT CONCRETE MANUFACTURE 

In October 1988 the University o f  Pittsburgh began to  study the utilization o f  MSW 
combustor ash in Portland cement concrete. Four 750-lb (1650-kg) samples of ash 
have been obtained during the past t w o  years from the MSW combustor at  
Poughkeepsie. New York, operated for the Dutchess County Resource Recovery 
Agency by Dutchess Resource Energy, a subsidiary of the Resource Energy Systems 
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Division of Westinghouse Electric Corporation. The primary combustor in this facility 
is an O'Conner water-wall rotary kiln. The bottom ash drops into a water-filled pit, 
from which it is reclaimed past a grizzly to  take out large particles, and a magnet for 
iron removal. The hot gases from the primary combustor pass through a secondary 
combustor, a boiler, and a dry scrubber. The fly ash and spent limestone (injected in 
the scrubber for acid gas removal) are added to  the bottom ash just before the 
combined ash is loaded into trailers for hauling to  a land disposal site. 

The first t w o  samples of ash were composited from 5-pound (1  1-kg) sub-samples o f  
combined ash, collected six times daily for 25 days. Ash Sample #1, combined ash 
collected from mid-July to  early September 1989, contained 8-21 % moisture, 
15.1 % calcium oxide, 2.21 % sulfur trioxide and 7.2% iron oxide and exhibited a 
7.26% loss of ignition. Ash Sample #2 was bottom ash collected during January 
1990. Ash Samples #3 and #4  were bottom ash collected in essentially one quick 
draw on May 24-25, 1990, and March 1-2, 1991, respectively. Ash Sample #3 
contained 11.9% calcium oxide, 2.58% sulfur trioxide and 9.8% iron oxide and 
exhibited a 8.04% loss of ignition. 

Six batches of concrete were made with Ash Sample #1 and fifteen batches with 
Ash Sample #2. The basic recipe was 17% coarse aggregate, 40% ash and 43% 
Portland cement. An air entrainment additiive, a water reduction additive and a silica 
fume additive were all tried individually with certain of these batches. The slump of 
each batch was held as close as possible to  1.75 inches (4.45 cm) by varying the 
water content. Concrete batches were produced in a small commercial mixer in the 
Concrete Laboratory of the Civil Engineering Department, following standard 
procedures. A number of cylinders (3 inches (7.6 cm) in diameter and 6 inches 
(1 5.2 cm) long) were formed from each batch. Cylinders were stored in an 
environmentally controlled room. Compressive strengths were measured on a 
Baldwin hydraulic compression tester, also located in the Concrete Laboratory o f  the 
Civil Engineering Department. Sets of four cylinders were cracked, and the load at 
breaking were averaged to obtain reported values of compressive strength. 

Compressive strengths were generally in the range of 1000 psi (6.9 MPa) t o  2300 
psi (15.9 MPa). The ash in the first six batches of concrete were subjected to the 
Standard Extraction Procedure Method (the EP TOX procedure). The extractions 
were performed in the Environmental Laboratory of the Civil Engineering Department 
and leachates were sent to  a commercial laboratory for analysis. Neither the ashes 
nor the concretes exceeded the' EP TOX limits for any constituent. However, the ash 
and one o f  the six concrete batches (which happened to  contain a lower amount of 
Portland cement a higher amount of coarse aggregate than according to  the usual 
recipe, and which also contained some sand) exceeded the NYCRR limits for 
cadmium and lead. The presence of f ly ash in Ash Sample #1 appeared t o  cause a 
number of "popouts". A white crystalline material, identified as a physical 
assemblage of aluminum chloride and calcium oxide crystals, was found at  the focal 
point of all the popouts examined. 

As Ash Sample #2 was running out, it was decided to  attempt t o  modify the 
chemical a.nd/or physical makeup of the surface of the ash particles to increase the 
strength o f  the bond between the ash and the cement. Two different commonly 
available chemicals were tried as additives in the last t w o  batches o f  concrete made 
from Ash Sample #2. One of these novel additives did, in fact, yield compressive 
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strengths of nearly 4000 psi (36.0 MPa). Therefore, a set o f  batches with varying 
amounts of this effective, inexpensive, novel additive were prepared with ash from 
Ash Sample 4'3. The results are shown in the Table 1. The amount of additive is 
given as a percentage o f  the weight of cement present in each batch. A second 
batch of concrete, Batch Number 44, was made with the last portion of Ash Sample 
#3, using the same recipe as Batch Number 32. 

Samples of ash and concrete were examined in the Scanning Electron Microscope 
(SEM) i n  the secondary electron imaging mode. The phases present were also 
compared using X-ray microanalysis in the SEM. Figures 1 and 2 are examples of 
micrographs for Batches Number 42  and 44, respectively, in the secondary electron 
imaging mode. It appears from an examination of these micrographs that, even with 
a 12-fold increase in additive from Batch Number 4 2  to Batch Number 44, the same 
basic cement structure is present in both concretes. 

Figures 3 and 4 are SEM micrographs of ash. Figure 3 is for Ash Sample #4  as 
received, Figure 4 is for Ash Sample #3, which has been mixed with an aqueous 
solution of the chemical additive, using the same amounts of ash and additive as 
was used in preparing Batch Number 32. It may be observed from an examination of 
these micrographs that the surface of the as-received ash is heavily contaminated 
with fine particles, which are not present on the treated ash. 

It is hypothesized from the observations reported above that the elimination of the 
fine particles in the concrete formulations with the chemical additive renders the 
surface of the ash particles (serving as fine aggregate) more amenable to  strong 
bonding with the hydrated Portland cement, yielding high-strength concrete as a 
product. 

A preliminary cost analysis of one ton (4400 kg) of concrete (dry basis), composed 
of 

0 
420 pounds (930 kg) coarse aggregate 
750 pounds (1 650 kg) of ash 
830 pounds (1830 kg) of Portland cement 
chemical additive at the level o f  Batch Number 32  

shows that purchase o f  the materials for its manufacture would require $23.50. The 
cost of materials for a 2:2:1 precast concrete is $10.00. The ash-containing 
concrete with the formulation of Batch Number 32  would be $13.50 more expensive 
than the standard concrete. Since the former contains 750 pounds of ash, the ash 
would have to  be forced into this beneficial use with a tipping fee o f  $36.00 per ton, 
which is less than one-third of the current tipping fee at landfills. 

FUTURE WORK 

One final technical step in developing concrete with the same recipe as Batch 
Number 32 needs t o  be taken. Durability tests (tension strength, expansion, 
freezelthaw, deicing and abrasion) and a TCLP extraction need to  be carried out. 
When these results are available, precasters in the vicinity of the MSW combustor, 
operated by the Dutchess County Resource Recovery Agency, can make an informed 
technical decision on the use of the ash from this combustor in their products. 
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Regulatory permission for this use of the MSW combustor ash would then have to  be 
sought from the State of New York. 

Several other aspects o f  the beneficial use of MSW combustor ash in Portland 
cement concrete should be examined. First, the current 0.5:0.9:1 recipe may not be 
the optimal one for commercial use. A range of formulations should be explored. 
Second, additives similar to  the one used in these first experiments could be tried, 
especially if durability and TCLP tests uncover any problems. Third, ash from other 
types of combustors could be tested for the applicability of the new additive . These 
combustors would include other MSW combustors with different methods for ash 
removal from the unit. They could also include industrial and hazardous waste 
combustors. 
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TABLE 1. Variation of Compressive Strengths with Additive 

90-Day Compressive 
Batch Number Additive (YO) Strenath. Psi (MPa l  

29 3.47 
30  1.73 
32  0.87 
36 0.65 
37 0.43 
3 4  0.17 
42  0.07 

0 ( 0  1' 
4940 (34.1) 
6200 (42.8) 
3750 (25.9) 
3210 (22.1) 
2260 (15.6) 
1560 (10.8)"' 

* *  14-day compressive strength. 
All cylinders of this batch broke apart by 90 days. 

\ 
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FIGURE 1 .  SEM micrograph of the fractured surface of Batch Number 42, made 
with 0.07% additive; the bar is 10 micrometers. 

FIGURE 2. SEM micrograph of fracture surface of Batch Number 44, made with 
0.87% additive; the bar is 10 micrometers. 
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FIGURE 3. SEM micrograph of Ash.Sample #4 as received; the bar is 10 
micrometers. 

FIGURE 4. SEM micrograph of Ash Sample #3, mixed with additive; the bar is 10 
micrometers. 
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ABSTRACT 

The use of municipal waste in conjunction with coal gasification is 
becoming an increasingly attractive option for disposal of this 
waste. Characterization of the properties of the waste material is 
necessary before it can be utilized as a feedstock. There are 
considerable differences in the municipal waste generated by 
different communities and regions of the country and these differ- 
ences can affect the gasification process. Scanning Electron 
Microscopy (SEM) with Energy Dispersive X-ray Microanalysis (EDX), 
using a backscattered electron detector, was used to examine the 
mineral content and morphology of the municipal waste. The fiber 
content and morphology was also characterized, using both optical 
microscopy and SEM. 

INTRODUCTION 

Disposal of municipal waste has been an environmental issue in 
recent times. Methods of disposing of this waste by incineration 
and composting have drawbacks. Composting requires space and time, 
while incineration is wasteful of the energy inherent in the 
sludge, and distasteful to the public. The continuing development 
of the coal gasification process allowing incorporation of the 
sludge as part of the feedstock in this process is an option for 
the disposal of this waste. Conversion of the sludge to electric 
power by this process rather than wasting its inherent energy value 
is the result. In terms of energy conservation this factor makes 
the process attractive. 

There are several processing aspects which must be considered in 
utilizing municipal waste as a feedstock. Municipal waste must be 
partially dewatered before it is shipped to the gasification plant. 
The viscosity of the mixed coal/sludge slurry is important because 
it must be pumped into the reactor. Beyond the mixing ratio, some 
of the factors influencing the viscosity of the sludge will be due 
to the composition of the material, particularly the fiber conte- 
nt."' Wastes from different parts of the country and different 
communities will have different compositions. For instance, 
municipal waste from Passaic County, NJ is known to have a high 
content of kaolinite due to the concentration of paper producing 
plants in the region. Some municipalities produce a sludge with a 
higher fiber content than others. Minerals containing elements 
which are volatile at gasification temperatures may be found in 

1117 



higher concentrations in one region as opposed to another. The 
nature of the mineral content of the sludge will have an effect on 
the slag produced and volatile elements may initiate formation of 

deposits. 

Although bulk elemental analysis of sludge is essential to the 
characterization of the material, microanalysis through the use of 
optical and scanning electron microscopy techniques and Energy 
Dispersive X-ray microanalysis also has its place. Municipal waste 
is an extremely heterogeneous material and examination of this 
material by these techniques can provide insight on associations of 
the minerals with the organic content of the sludge and morphology 
of the fibers. Presented here are the results of microscopic 
characterizations performed on raw and treated samples of dewatered 
sludge from Los Angeles County, CA, and Passaic County, NJ.") 

EXPERIMENTAL 

SAMPLE PREPARATION 
For the SEM analysis, a small amount of each sample was mounted and 
carbon coated using an evaporative coater to produce a conductive 
surface. In addition, several of the LA County samples were 
sputter coated with gold in order to obtain improved imaging 
results for documentation. The optical microscopy was performed on 
larger portions of the sludge. 

A Nikon SMZ-10 stereoscopic optical microscope was used to take 
color photomicrographs of the raw and treated LA County, CA munici- 
pal waste. 

SCANNING ELECTRON MICROSCOPE 
The instrumentation used for this study was an AMRAY 1645 SEM 
equipped with a lanthanum hexaboride (LaB6) electron emitter source 
and imaging detectors for secondary and backscattered electrons. A 
Tracor Northern TN-5500 Energy Dispersive X-ray microanalysis 
system (LSI 11/73 CPU with 3 MByte working memory and 30 MByte mass 
storage capacity) with a lithium-drifted silicon detector was used 
for semiquantitative analysis of elements with an atomic number 
greater than 10 and less than 92. Elemental spectral analysis was 
performed using standardless software routines with ZAF correction 
factors. The SEM conditions for analysis were 20KV acceleration 
voltage, 100 micron emission, 200 micron final aperture, spot size 
4, working distance 24 millimeters, 0 degrees tilt, and a calculat- 
ed take-off angle of 28.6 degrees. In addition to elemental 
analysis and photomicrography, X-ray mapping and digital image 
acquisition were performed on the LA County samples. 

OPTICAL MICROSCOPE 

RESULTS 

Optical microscopy was used to get an overview of the morphological 
characteristics of the municipal waste. As the figures show, the 
raw sludge contained a large amount of fibrous material. In addi- 
tion, sprouting seeds and plastic bandage materials were found. 
The treated sludge materials looked darker and more granular, with 
little fibrous material present. 
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SEM/EDX microanalysis was used to verify these results and to 
characterize the mineral content of the waste material. It is 
important to understand that only a small portion of sludge was 
examined by microanalysis and therefore the elemental analysis is 
not representative of the bulk of the municipal waste. 

Morphological study by both methods indicated that many of the 
untreated sludge particles were held together by fibrous material, 
mostly hair and cellulosic plant fibers. In the LA County sludge, 
the hair was usually long and curled around the organic material 
while the plant fibers which were present were thicker and often 
served as a base on which the organic material could anchor. The 
Passaic sludge was matted together, with short fibers holding the 
organic material together in a matrix. 

Seen in the untreated LA County sludge, along with the discrete 
woody cellulosic materials, fibers, and mineral particles, were 
many particles of organic material. These had inclusions of 
smaller particulate mineral matter, which were often silicates. 
Also included within the organic matrix were fibers, woody material 
and even plastics or spongy material. Other inorganic mineral 
matter found within the matrix of these samples contained iron, 
barium, aluminum, zinc, magnesium, phosphorus, calcium, sulfur, 
potassium, and titanium. In addition to these elements, a Houston 
municipal waste which was characterized contained cadmium, nickel, 
and lead. The treated LA sludge samples were devoid of the fibrous 
and cellulosic material. Mineral inclusions were still present 
within the matrix of the organic material. 

The backscattered electron detector was used to locate particles 
containing inorganic elements and to obtain photomicrographs when 
charging problems prevented good imaging by secondary electrons. 
X-ray mapping was useful in locating associations between elements 
on a broader scale. Figures 1 and 2 show the labeling of the 
analyzed points of solid sludge particles. The tables beneath 
these figures give the EDX microanalysis of the marked points. The 
other figures present morphological information about the different 
municipal wastes. 
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Fig.1 Los Angeles Raw Sludge (200X): A particle of sludge composed 
of both mineral matter and organic matter. 

Analysis Table (normalized resul ts ) :  

ELEMENTAL ANALYSIS (WEIGHT % OF MINERAL MATTER) 

POINT Mq-K A1-K Si-K P-K S-K C1-K K-K Ca-K Ti-K Fe-K Cu-K Ni-K Zn-K 
1 94 1 1 -- - -- -- -- 3 -- -- 1 -- 

2 1 6  3 1 1 - -  7 2 3 6 4  9 1 2  
3 1 4  1 - 1 - - -  14 1 73 5 -- - 
4 5 1 7  2 - 1  3 - - -  - 2 4  41 2 4 
5 2 10 19 15 13 3 1 18 2 10 5 1 1 
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Fig.2 LA County Raw Sludge ( 2 O O X ) :  Portion of a sludge particle 
showing its heterogeneous nature. 

Analysis Table (normalized results): 

ELEMENTAL ANALYSIS (WEIGHT % OF MINERAL MATTER) 

POINT Ma-K A1-K Si-K P-K S-K C1-K K-K Ca-K Ba-K Ti-K Fe-K CU-K Zn-K 
1 

3 
4 -- 5 3 1 2  1 1 2 4 - -  1 5 1  9 2 
5 
6 2 8 14 17 12 1 1 16 -- 2 2 3  3 1 
7 1 2  4 5 2 4 1 -  3 5 0  1 8  2 - 
8 3 8 10 9 24 3 1 16 -- - 14 10 1 
9 2 5 2 1 1  - -  1 -- 4 8 4  1 - 

-- -- 96 1 - _ _  - _ _  _- -- 1 1 -- 
2 -- 2 2 2 7 8 2 -  3 - - - -  4 5 1  

-- 1 92 1 - -- - -- -- -- 1 4 -- 
-- 1 96 - - _ _  - _ _  _ _  -- -- 2 -- 

10 1 1  1 1 -  - - 95 -- -- 1 1 -  
11 -- 25 56 1 1 1 - 14 -- -- 1 1 -  
12 2 10 15 6 19 4 3 18 -- -- 11 10 1 -- 1 92 2 1 - - -- -- -- 1 2 -  13 

12 19 30 - 1 - - 1 -- -- 35 1 - 14 
15 -- 4 17 7 11 1 6 23 -- 3 1 4  9 5 -- -- 96 1 - - - _ _  _- -- 1 1 -  16 
17 20 6 4 7 4 7  1 1  4 - - - -  6 3 1  
18 2 4 5 9 12 29 1 18 -- 6 1 1  3 - 
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Fig.4 L o s  Angeles County Raw Sludge (18X) Optical Photomicrograph: 
A sprouting seed found in this municipal waste. 
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Fig.3 L o s  Angeles County Raw Sludge (6X) Optical Photomicrograph: 
The fibrous material holding this piece together is visible, along 
with some particles of inorganic material. 



Fig.5 
Raw LA county Sludge (80X): The honeycombed particle was aluminum 
silicate, thetpper right corrugated particle was cellulosic, and 
two lower ones were organic matter with mineral inclusions. 

Fig.6 Raw LA County Sludge (120X): Organic particle with fibers and 
mineral particles included in the matrix. 
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Ffg. 8 Passaic Valley, NJ Sludae (150X): 
like morphology. 

Fibrous sludge with mat- 
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Fig.7 LA County Sludge after treatment process ( 1 O O X ) :  Fibers have 
disappeared and material is more homogeneous. 
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A binding agent has been developed for pelletized densified 
refuse derived fuel (dRDF) . Initial studies showed that calcium 
hydroxide (Ca(OH),) is effective in reducing the rate of 
biological and chemical degradation of dRDF pellets. A commercial 
test of dRDF, with Ca(OH)* as a binder, was conducted at 
Jacksonville, Florida Naval Air Station in the summer of 1985. 

In June/July of 1987 a full-scale cofiring of a binder 
densified refuse derived fuel (bd-RDF) and high sulfur content coal 
was conducted at Argonne National Laboratories (ANL) . About 567 
tons of bd-RDF pellets was cofired with coal, at 0, 10, 20, 30, 50 
percent d-RDF Btu content and 0, 4 ,  8 percent calcium hydroxide 
binder. Results indicated that some trace elements decreased in 
fly ash with the increase in dRDF percentage while others 
increased. 

The most toxic elements of concern are As, Ba, Be, Cd, Cr, Cu, 
Hg, Ni, Pb, Sb, Se, T1, V and Zn. A microwave oven dissolution 
method was used to dissolve the ash in a mixture of aqua-regia and 
hydrofluoric acid using a Parr bomb. The solution was then analyzed 
by Inductively Coupled Plasma Atomic Emission Spectroscopy after 
approximate dilution. 

Introduction 

Incineration of municipal solid waste is an attractive 
solution to landfills'-4 . However the physical and chemical 
characteristics of ash are becoming more and more important for 
safe disposal' . Some trace metals are important in the ash because 
of their potential toxicity, which plays a role in characterizing 
the ash as hazardous, and how and where to dispose of it, 

Mass burn incineration produces ash residues amounting to 15 
to 25 percent by weight and 5 to 10 percent by volume of the 
incoming Municipal Solid Waste (MSW)3'6 . Ash comes in two forms. 
Fly ash the fine particles in the flue gas collected by 
electrostatic precipitators or bag house, and bottom ash the 
material dropped from the grate in the furnace. The ashes during 
the 1987 study at ANL were collected three times a day for six 
weeks from both the bag house and the grate. 
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Trace element concentrations in ash are of great interest 
because of their relationship to regulatory criteria under the 
Resource Conservation and Recovery Act (RCRA) regarding toxicity. 
Trace metals in fly ash were analyzed using Inductively Coupled 
Plasma Atomic Emission Spectroscopy (ICP-AES). 

Several investigators have examined the feasibility of ICP- 
AES for the rapid, precise, and accurate multi-element analysis'. 
13. 
elements with high sensitivity and precision and with relative 
freedom from chemical  interference^'^' . 

ICP-AES permits the determination of a large number of 

Methodoloqy 
Fuel Preparation 

The binder enhanced d-RDF pellets for the 1987 ANL study were 
supplied by two facilities, one located at Thief River Falls, 
(Future Fuel Inc.) Minnesota, and the other at Eden Prairie, 
Minnesota (Reuter Inc. ) . The dRDF was made with 0, 4, 8 percent 
Ca(OH), binder. High-sulfur Kentucky coal is normally burned in 
the power plant of Argonne National Laboratory at the rate of nine 
tons per hour. 

Before each test run, d-RDF pellets and coal were blended 
together using a front-end loader until the material looked roughly 
homogenous. Three volumes of coal and one volume of d-RDF produces 
a blend close to 10 percent d-RDF by Btu content. Then the blend 
was moved by front-end loader to the coal pit and transported by 
conveyor to coal bunker prior to use in the ANL stoker fired 
boiler. 

Samplinq Plan 

A total of 567 tons of d-RDF pellets were cofired with 2,041 
tons of sulfur-rich coal in 12 test runs. The runs were classified 
according to the different Btu contents of d-RDF in the fuel and 
different binder content of d-RDF. Runs 1 and 12 used coal alone 
in order to establish base line data. In between the different 
runs and to avoid cross-contamination, coal runs were performed to 
cleanout the d-RDF from the previous run. Details of the test plan 
and sampling locations have already been p~blished~~'~~'~~'~ . 

Sample Collection 

During the test runs, samples were collected from various 
plant locations that were of interest in the study. Economizer, 
multicyclone fly ash and bottom ash samples were collected in 
aluminum containers and then transferred to plastic zip-lock bags 
for subsequent analysis at the University of North Texas. 
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Eauiwment 
parr Bombs 

Parr Teflon acid bombs were obtained from Parr Instrument 
Company. The bomb is made of a microwave transparent polymer. A 
compressible relief disc is built into the closure to release 
excessive pressure. Over 1500 psi the relief disc will be 
compressed to a point where support for the O-ring will be lost 
and it will blow out. In most cases all parts of the bomb were 
reusable except for the O-ring. 

Microwave Oven. 

A Kenmore commercial microwave oven was used in this work. 
The oven has a variable timing cycle from 1 second to 100 minutes 
and a variable heating cycle based on power setting from 10% 
through 100% full power (700 w). 

Inductivelv Couwled Plasma Atomic Emission SDectrometrv ICP-AES 

A Perkin-Elmer ICP-5500 Atomic Emission Spectrometer with 
a 27.12-MH RF generator was used in this analysis. A Perkin- 
Elmer Modef-10 data station was used with a Pr-100 printer. 

Samole Analvsis 

After the samples were returned to the laboratory, they were 
arranged on the shelves according to the dates and times they were 
collected. About 10 grams of a homogenous sample was ground to 
pass at least a 75 mesh sieve. A 4 0 0  mg sample was placed in a 
polyteflon container and treated with 1 mL of hydrofluoric acid and 
3 mL of aqua regia. The teflon container was then placed in the 
bomb and the bomb was tightly capped. The bomb was placed in the 
microwave oven and heated for 4 minutes and left for several hours 
to cool. After cooling, the PTFE container was uncapped and 2 mL 
of saturated boric acid was added quickly. The container was then 
recapped, returned to the microwave oven and reheated for 1 more 
minute, then cooled again. 

At this stage some uncombusted carbon remained, so the 
solutionwith the residue was filtered, washed with deionized water 
and the filtrate was diluted to 50 mL in a polyethylene volumetric 
flask. 

The microwave heating procedure has been used to determine 
minor and major constituent in the past. The solution was finally 
analyzed by ICP-AES using a blank and a standard solution 
containing the same amounts of acids. Standards with varied 
concentrations of As, Hg, Pb, Sb, Se, T1, Ba, Be, Cd, Cr, Cu, Ni, 
V, Zn, were used for the analysis. 
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Results and Discussion 

The chemical composition of coal/dRDF ash depends on 
geological and geographic factors related to the coal deposits, the 
combustion conditions and the efficiency of air pollution control 
devices. The fly ash samples which were investigated by ICP-AES 
were the Economizer fly ash samples. The results are summarized 
in Table 2. Thirteen elements were investigated: As, Cd, Hg, Pb, 
Sb, Se, Te, Ba, Be, Cr, Cu, Ni, V, and Zn. The metals As, Cd, Hg, 
Pb, Sb, Se and T1 are not included in the table because their 
concentrations were too low to be detected by ICP. Table 3 shows 
the ICP detection limits of all elements studied. 

Effect of d-RDF content on trace metals: 

Processing of MSW to RDF removes much of the unwanted trace 
metals. The metal content of coal/RDF blend ash is expected to be 
affected by the different percentages of RDF. 

The trace metal concentration is economizer fly ash are listed 
in Table 2. Elements such as Cd, Cr, Cu, Hg, Pb and Zn are known 
to be enriched in RDF related to coal. 

Table 2 and the graphs shows the percent bd-RDF versus 
concentration (ug/g) for each element alone at a constant level of 
binder. The top graph shows 0 ,  10, 20 ,30 percent bd-RDF versus 
element concentration at 0 percent binder. The middle graph shows 
the 10,20,30,50 percent bd-RDF versus element concentration at 4 
percent binder. The bottom graph shows the concentrations at 8 
percent binder. The graphs shows how the elements are increasing 
or decreasing in concentration with the increase in bd-RDF. 

From Table 2 and the graphs, the most prominent increase in 
concentration resulting from cofiring coal/RDF mixtures were Cu and 
Zn. Ba and Cr were increased slightly in economizer fly ash. This 
increase is due to these elements being more enriched in RDF ash 
than in coal ash, while Be, Ni and V content were lower or close 
to those in coal ash. 

1. 

2. 

3 .  
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Table 2. Summary of Toxic Metals concentration 
in Economizer Fly Ash (ug/g).* 

___________________-----------------------------------_---- 
Run# Ba Be Cr Cu , Ni V Zn Btu%dRDF Bindera ............................................................ 
1. 158.2 25.3 105.2 152.7 130.0 223.4 324.8 0 - 
2. 240.1 27.7 111.3 199.5 135.3 234.1 338.5 10 0 
3. 202.2 19.6 100.3 151.8 122.2 177.9 293.7 10 4 
4. 144.4 14.7 94.9 143.7 100.8 160.7 390.8 10 8 

5. 227.7 20.2 143.8 243.4 137.4 231.0 404.6 20 0 
7. 155.7 11.3 108.3 208.5 149.0 187.1 478.2 20 4 
8. 182.8 13.3 127.6 243.6 121.3 193.4 466.7 20 8 

9. 160.1 11.4 114.4 360.6 92.7 181.3 443.6 30 0 
10. 158.3 10.5 115.9 207.9 75.6 149.6 455.9 30 4 
6. 190.2 10.5 112.2 227.6 130.5 161.3 470.8 30 8 

11. 228.5 14.9 126.1 353.5 97.7 179.8 372.1 50 4 

12. 177.4 16.6 93.5 217.1 97.8 171.6 240.3 0 - 

* Average of Three Replicates. 

Table 3. Detection Limits of ICP (ug/g). 

Be 
Cd 
cr 
cu 

Ni 
Pb 
Sb 
se 
T1 
zn 

Hg 

62.5 
12.5 
0.63 
6.25 
6.25 
6.25 
125.0 
12.5 
125.0 
125.0 
62.5 
125.0 
6.25 
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ABSTRACT 

The slags produced in gasifiers using petroleum coke as a feedstock differ compositionally 
and texturally from the ash and slag formed during combustion of coal. Hence, the chemical and 
slagging behavior of petroleumaike ash under gasification conditions must differ markedly from the 
behavior of coal ash. Whereas the latter is reasonably well understood, the former has been much 
less well studied. The present work is pan of an ongoing study aimed at understanding the physical 
and chemical characteristics of the phases formed in the slags that are produced during petroleum 
coke gasification. 

INTRODUCTION 

The partial oxidation of liquid hydrocarbonaceous fuels such as petroleum products and 
slurries of solid carbonaceous fuels such as coal and petroleum coke to form alternative fuels is now 
a common practice. An evolving trend in the feedstocks for such processes is that they are becoming 
increasingly heavy and of poorer quality. To compensate for this a n d ,  refiners must employ more 
"bottom of the barrel" upgrading to provide the desired light products. The current industry 
workhorse to provide this upgrading is some type of coking operation (either delayed or fluid). A 
good deal of c m n t  refinery expansion includes the installation or expansion of coker units, and this 
coking will be a process of general use for some time to come. 

The production of light hydrocarbon fuels from coal or petroleum feedstocks results in the 
formation of ash or slag which concentrates most of the contaminants originally present in the coal or 
petroleum. Coals contain significant amounts of clays, quartz, pyrite, and carbonates, along with a 
broad range of less abundant solid mineral phases (Jenkins and Walker 1978). Petroleums contain 
less solid mineral matter but may contain significant amounts of other contaminants such as iron, 
nickel, vanadium and sulfur. Consequently, the residual concentration of elements is significantly 
different depending upon the feedstock materials. The resulting phases affect gasifier operation and 
the ultimate use or disposal of the ash or slag. 

PROCESS DESCRIPTION 

The Texaco Gasification Process is a partial oxidation reaction to produce mixtures of CO 
and Hz, known as synthesis gas. A carbon containing feedstock is reacted with a controlled, sub- 
stoichiometric quantity of oxygen in a fuel rich, exothermic reaction. The process is carried out in a 
pressurized reaction chamber with the temperature maintained above the melting point of the coal or 
petroleum-coke ash, thus making a slag (molten ash), by controlling the individual feed rates of the 
reactants. The feeds are introduced together, through the top of the gasifier, and pass through it 
concurrently with the product gases transporting the solids, making it an entrained flow gasifier. It 
is fundamentally a simple system that leads to high reliability, and it can be adapted readily to f i t  
many applications economically. 
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The chemical reaction path is quite complicated, and includes many simultaneous and 
sequential reactions such as devolatilization, combustion and interactions between the feeds and 
intermediate or final products. The chemisuy is depicted in a schematic sense in Figure 1. The 
conversion of feedstock slurry to synthesis gas is normally in excess of 95% and can be over 99%. 

The use of coal as a feedstock, either in direct combustion or as a gasifier feedstock results in 
most of the ash being converted to slag, a nearly carbon-free, inorganic material. After water 
quenching, the slag is normally a glass-like solid, with a maximum size of one-half inch. In all cases 
evaluated to date, the slag from coal gasification, including the fine fractions that are co-mingled with 
carbon-rich char, have been classed as a non-hazardous waste. 

The high temperature gases, char and molten ash, or slag, produced in the gasifier are nor- 
mally cooled prior to cleanup, by either of two methods: quenching, Le., direct contact with water, 
or indirect heat exchange to make high pressure steam in a special syngas cooler. 

The molten slag is cooled with the gas and is collected in a water pool either in the bottom of 
the radiant cooler or in the quench vessel located under the gasifier. The slag is removed from the 
system by means of a water-filled lockhopper system. The carbon-rich char can be disposed of with 
the slag or separated for recycle. 

The cooled gas is scrubbed with water to remove the remaining fine particulates. Following 
particulate scrubbing, gas purification is completed by sulfur removal. A variety of subsequent 
processes can then be used, with the choice made to fit the overall project needs. The cleaned gas 
can be used for many purposes, such as fuel for power generation or process heat, synthesis of 
ammonia or other chemicals, or as a reducing gas. 

SAMPLE PREPARATION AND ANALYSIS 

The slag samples examined in this study occur both as fragmental materials that are dis- 
charged routinely from the gasifiers and as solid incrustations that build up on the interior walls of 
the gasifier. Megascopically, most samples appear as dark brown to black, porous to solid, irregular 
masses ranging from less than one-fourth to more than several inches across. The samples removed 
from the gasifier walls are commonly layered, apparently reflecting episodic buildup. 

Representative portions of slags were cast in a low viscosity, cold-setting epoxy resin. 
Porous samples were vacuum impregnated by placing them in a vacuum desiccator in which vacuum 
was alternated with normal air pressure. This procedure removed trapped air and forced the epoxy 
into pores and cracks. Samples were then polished using standard techniques employed for optical 
microscopy and electron microprobe analysis as described in Craig and Vaughn (198 1). 

GASIFIER SLAGS 

Characterization of slags produced in gasifiers is important in determining the ultimate use 
and/or disposal of the slags. Furthermore, a prior knowledge of the nature of the slag phases is 
necessary if it becomes desirable to alter slag properties that adversely affect the operability of gasi- 
fiers. To these ends, we have been canying out investigations on the physical and chemical proper- 
ties of slags produced both from coal and from petroleum coke feedstock. The slags produced from 
the different feeds are markedly different, as evidenced in the data presented in Table 1,2, and 3. 

The conditions under which coal and petroleum-coke ash and slags form are similar in that 
they all involve partial to full combustion. The principal difference is that direct combustion is 
generally more oxidizing and hence will permit formation of more oxidized phases (eg. ferric rather 
than ferrous phases). Coal bottom ash, fly ash, and slags have been examined by numerous 
investigators in recent years as noted in Table 2 and by a wide variety of techniques (eg. Huggins 
and Huffman, 1979; Weaver 1978; Voina and Todor, 1978; Eriksson et al. 1991). Typical coal ash 
as noted i n  Table 1 is rich in Si@ with major but variable amounts of Al2O3. Fe2O3, and CaO. Coal 
slag are generally dominated by glass phases which, though highly variable, are always rich in Si02 
and contain significant Al2O3. Some glasses are also sufficiently rich in reduced iron to be referred 
to as "ferrous glasses" (Huffman et al. 1981). The number and variety of other mineral analogous 
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phases are considerable (Table 2) but often constitute only small proportions of the bulk material. 
Furthermore, several percent unreacted or panially reacted carbon-char are commonly present. 

The glass phases display flow, banding, indicating some flow of compositionally distinct 
zones. Crystalline phases range from skeletal to fibrous laths (commonly mullite or anorthite; Hulett 
et al. 1980; Huggins et al. 1981) to skeletal and cruciform spinels (Chen et al. 1986). 

Petroleum-coke slags are also highly variable in composition but generally contain less SiOz, 
less A1203 and less CaO but greater amounts of Fez03, VzOs, NiO and sulfur (included in "others" 
Table 1). The iron and vanadium contents are reported as given by ASTM analytical procedures; 
however, iron and vanadium actually occur in lower oxidation states in these slags. These gross 
compositional differences reflect the nature of the source materials. Coals contain abundant included 
clays and carbonate minerals, whereas petroleum contains less discrete fragmental mineral matter but 
often contains significant amounts of organic sulfur and porphyrins that hold iron, nickel, vanadium, 
and chromium. 

A general result of these differences in composition is the fusibility of the ash. Typical coal 
ash has initial deformation (ID) temperatures of 2120'-2140' F, softening temperatures (ST) of 
2150"-2210°F, and fluid temperatures (IT) of 2250'-2430' F. In contrast, typical petroleum coke 
ash remains undeformed and does not melt until temperatures exceed 2700' F. 

PETROLEUM COKE SLAGS 

The present study has concentrated especially on slags formed during gasifier operation using 
petroleum coke without any additives to alter constituents or behavior, and are part of an ongoing 
study to characterize the physical and chemical characteristics of such slags (Craig et al. 1990; Craig 
and Najjar 1990; Groen et al. 1991). 

The investigators have found that the slags formed, display a variety of textures and phases; 
these apparently reflect differing locations and hence conditions within the gasifiers as well as 
differences in the feedstock. In general, the types of slags may be summarized as (1) glass-rich, (2) 
V-oxide rich, (3) sulfide-rich, (4) CaMgFe-silicate-rich. These no doubt represent end members of a 
continuum, but most samples extracted from the gasifiers conveniently fall into one of these 
categories. The total of the wide variety of phases that the investigators have found to date are listed 
in Table 3. Below briefly described are each of the major types of slags noted above: 
Glassv Slw - These generally range from black to brown glasses that occasionally exhibit well 
developed flow textures evidencing their slow flow down the sides of the gasifier. Typically, they 
contain significant quantities of very fine spherical iron sulfide droplets. The droplets greater than 1 
mm in diameter appear to have been formed along with the glass. Finer droplets, down to less than 
1 micrometer, appear to have formed primarily through exsolution on cooling. Glassy slags 
commonly contain dispersed skeletal to cruciform spinels which also appear to have formed on 
cooling as the liquidus boundary was intersected. 
V-oxide-rich s l a a  - These slags are relatively SiOz-poor and represent slag formation within the 
gasifier where vanadium phases crystallize as relatively coarse crystals (-100 micrometers). The V- 
oxide phases occur as interlocking laths with interstitial spinel crystals and droplets of glass and 
sulfide-oxide intergrowths. The coarseness of the crystals and the absence of flow structures and 
exsolution features indicate that the V-oxide phases were stable and forming directly under the 
conditions of gasifier operation. 
Sulfide-rich Slaes - Many chunks of slag consist primarily of intimate iron sulfide-iron oxide 
intergrowths. The iron sulfide ranges from pure FeS (troilite) to Fel.,S (hexagonal pyrrhotite) and 
the iron oxide is FeO (wustite). The intergrowths are symplectic in nature and are often so fine (1 
micrometer and less) that they are barely resolvable with an optical microscope. The textures are 
characteristic of the unmixing of phases from a homogenous melt on rapid cooling. Nickel may 
substitute on a minor scale for the iron in the pyrrhotite and may, in nickel-rich areas, occur as Ni3S2 
(heazlewoodite) or as (Fe, Ni)gs8 (pentlandite). The iron sulfide-iron oxide masses commonly 
contain dispersed drop-like to cruciform crystals of free iron-nickel alloy. Also scattered throughout 
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the sulfide-oxide mamx are droplets of glass and euhedral to skeletal iron aluminum spinels which 
may cowenpate significant amounts of vanadium and chromium 

- These occur as local segregations within sulfide-rich slags. The sulfide 
$%%%%$%ate Ca, Mg, or Si within its structure, hence these elements concentrate 
sufficiently to form a variety of CaMgFe silicates. 

SUMMARY 

It is apparent that the differences in the bulk chemismes of the petroleum coke and coal slags 
are reflected in the behavior and nature of the phases withiin each. The high silica and alumina con- 
tents of the coal slags result in lower melting temperatures and the development of predominantly 
glassy products. In contrast, the low silica and alumina contents of the petroleum coke slags, 
coupled with high transition metal contents, result in the development of a variety of crystalline 
phases. Most notable are aluminate spinel phases that concentrate iron, vanadium, chromium and 
nickel, and sulfide-oxide intergrowths in which nickel becomes concentrated in both sulfide and 
accessory alloy phases. 
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G AS I F I c AJI o N R EA CTI o N S c H E MAT I c 
REA CTA N TS: 

OXIDANT ( OXYGEN, 02 ) 
+ 

SLURRY COKE ( C, H, S, N, 0, ASH, H 2 0  ) 

PRODUCTS: 
f co 

TRACE cos 
( 1 - 1OOOppm) : ( C N -  

Figure 1. Simplified schematic diagram of the partial oxidation reaction occurring in a 
petroleum coke gasification. 
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Table 1.' Typical ash composition in wt % of coal and 
petroleum-coke generated ash. 

Petroleum Coke 
T p A  TypeB 

Coal 
Eastern Western 

52.1 
15.4 
7.3 

17.4 
3.7 
-- 
-- 
4.1 
9.5 

2120 
2150 
2250 

42.0 
25.0 . 
20.9 

9.5 

_ _  
_ _  
2.6 
9.7 

2140 
2210 
2430 

4.4 40.6 
1.5 9.6 

23.0 6.3 
7.5 1.4 
-- 2.4 

20.9 14.0 
40.3 16.6 

2.5 9.1 
0.5 0.9 

_ _  _ _  
>2700 >2700 
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Introduction 

Two of the nations current major concerns are energy and municipal 
solid waste. The combustion of Refuse Derived Fuels (RDF) is 
increasingly being viewed as an attractive solution to both 
problems. Densification of RDF producing dRDF is typically 
performed to minimize the problems of handling, transporting and 
storing the low bulk volume material. When densification is 
performed with the use of a binding agent additional performance 
and environmental benefits can be gained. 

In 1985 the University of North Texas (UNT) under contract with 
Argonne National Laboratory investigated over 150 potential binding 
agents. Evaluations were made based upon economics, toxicity, 
availability and performance. The top 13 binder candidates were 
tested in a large scale demonstration. End results found calcium 
hydroxide or quicklime (Ca(0H)J to be the best performing binder. 
UNT also hoped that this binder's basic nature might help reduce 
the emission of acid gases. Further conjecture was made that the 
binder might physically absorb halogens, such as chlorine and thus 
reduce the production of polychlorinated biphenyls and dioxins. 

These hypotheses were tested at a pilot plant operation at Argonne 
National Laboratory in 1987. The six week program combusted over 
five hundred tons of binder enhanced dRDF (bdRDF) blended with 
Kentucky coal at heat contents of 10, 2 0 ,  30 and 5 0  percent. The 
Ca(OH)2 binder content ranged from 0 to 8 percent by weight of 
dRDF. Emission samples were taken both before and after pollution 
control equipment (multicyclone and spray dryer absorber). All 
samples were taken to UNT for analysis. 
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EXDerimental 

Isokinetic samples were taken for the analysis of polychlorinated 
biphenyls (PCB's), polyaromatics (PAHIS), polychlorinated dioxins 
(PCDD's) and polychlorinated furans (PCDF's) . The following 
sampling sites were investigated. 

Site 1 combustion zone (2000°F), sample site (1200'F) 
Site 2 prior to pollution control equipment (300'F) 
Site 3 after pollution control equipment (170'F) 

Sample collection was completed using an EPA Method 5 modified 
sampling train, and a XAD-2 resin for trapping the majority of 
organics. After extractions, sample clean-up was accomplished 
using various acid/base modified silica and alumina gels to remove 
interferents. Response factors, recovery and detection limits were 
established through internal standards. The gas chromatography 
mass spectrometer analysis was performed with a Hewlett-Packard 
Model 5992B. (3) 

Results and Discussion 

The EPAls sixteen most hazardous PAHIS (Table 5) and all congener 
groups of PCB's were tested. The results of site 2 and site 3 
sampling areas are found in Tables 1 and 2. Figures 1 and 2 
clearly depict a reduction in PAH and PCB emission as the binder 
concentration is increased. Data is not available on all 
compositions due to the mixing and sampling methods used. Tables 
3 and 4 show the calcium and chloride contents of fly ash from the 
multicyclone for a series of specific compositions. The calcium 
is used as an indicator of the binder present in the boiler system 
during a particular sampling period. The increase in calcium 
occurring between the first coal "blank" run and the second blank 
occurring 3 weeks later, suggest a build-up of residual binder 
throughout the boiler configuration. It is noteworthy that the 
increase in water soluble chloride in the fly ash for the 10% RDF 
samples is on the same order as the reduction of PCB's seen in 
Figure 2. This is presumably due to the lime's ability to bind the 
chloride in the combustion area. The much higher chloride content 
of the second coal blank ash relative to the first blank can be 
explained by assuming a longer contact time for chloride absorption 
on the residual binder as the binder became saturated throughout 
the boiler system. ( 4 )  

The dioxin and furan analysis initially concentrated on the tetra 
chlorinated species present after the pollution control equipment 
at sample site 3. Table 6 shows that no dioxins or furans were 
found at the listed detection limits. Composited fly ash samples 
were also analysed for absorbed PCDD's and PCDF's, and again 
results were below detection limits. Additional analysis was 
performed for penta, hexa, hepta, and octa congeners at sample site 
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3. In all cases, no dioxins or furans were detected. These 
results were confirmed by collaborating with Triangle Laboratories 
at Research Triangle Park, NC, using their high resolution mass 
spectrometer. Detection limits were generally improved only on the 
order of one magnitude, and as before, no detectable quantities of 
dioxins or furans were found. (5) 

conclusion 

Results of the pilot plant program indicates that the binder 
enhanced densified refuse derived fuel can be cofired with coal, 
at the levels tested, without producing detectable amounts of 
dioxins or furans. PCB's and PAH's are apparently reduced as a 
function of the quicklime binder content. 
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Polyaromatic Hydrocarbons (PAHIS); 

Polychlorinated Biphenyls (PCB‘s) at Site 2 

-# 

Run 1 Sample 1 2 

Run 2 Sample 2* 2 

Run 2 Sample 2 2 

Run 3 Sample 1 2 

Run 4 Sample 1 2 

Run 4 Sample 2 2 

Run 5 Sample 1 2 

Run 5 Sample 2 2 

Run 7 Sample 1 2 

Run 7 Sample 2 2 

Run 8 Sample 2 2 

Run 8 Sample 4 2 

Run 12 Sample 1 1 

Run 12 Sample 2 2 

mg PAHIS 
cubic meter 
of aas samrded 

1.7 x l o v 2  
1.0 x 

7.6 x 

1.6 x 

4.0 x 

8.1 x 

3.5 x 10‘2 

4.6 x 

2.2 x 10-1 

3.5 x 10-1 

2.4 x 10-l 

3.0 x lo-’ 

3.4 x 10-1 

1.3 x 10-1 

mg PCB‘s 
cubic meter 
of aas samnle4 

6.2 x 

1.3 x 10-2 

2.7 x 10” 

1.4 x 1 0 - 2  

7.6 x 

7.7 xx 10’~ 

9.7 x 

7.7  x 

2.0 x 

2.9 x 10” 

1.3 x 

3.4 x 

5.4 x 10’~ 

3.9 x 10-4 

* This sample was lighter in color than all the rest 
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Table 2 

Polyaromatic Hydrocarbons (PAH's); 

Polychlorinated Biphenyls (PCB's) at Site 3 

mg PAH's mg PCB's 
cubic meter cubic meter 

RUn#/SamDle# Site of aas sampled of aas samDled 

Run 1 Sample 1 

Run 2 Sample 1 

Run 2 Sample 2 

Run 2 Sample 3 

Run 3 Sample 1 

Run 4 Sample 1 

Run 4 Sample 2 

Run 5 Sample 1 

Run 5 Sample 2 

Run 7 Sample 1 

Run 7 Sample 2 

Run 8 Sample 1 

Run 8 Sample 2 

Run 12 Sample 1 

Run 12 Sample 2 

3 

3 

3 

3 

3 

3 

3 

3 

3 

2 

3 

3 

3 

3 

3 

4.6 x 

6.3 x 

1.5 X los2 

8.1 x 

7.3 x 10.~ 

7.3 x los3  

3.1 x 10.~ 

3.6 x 

4.0 x 

7.9 x 10-2 

4.9 x l o - z  

1.0 x 

8.1 x 

7.0 X lo** 

1.4 x 

5.3 x 10'~ 

1.2 x 

* 
1.6 x 

9.1 x 10-~n 

1.1 xx l o s 4  

3.1 x 

2.8 x 10.~ 

1.2 x 10'~ 

4.2 xx 

6.5 x 10'~ 

2.4 x 10.~ 

4.0 x 10'~ 

4.3 x 

8.5 x l o s 4  

* Interference made it impossible to determine the quantity 
of PCB'S in this run 
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Table 3 

Calcium Levels in Flv Ash 

I 
Fuel 

First coal blank 
Coal - 10% dRDF (0% binder) 
Coal - 10% dRDF ( 4 %  binder) 
Coal - 10% dRDF ( 8 %  binder) 
Second coal blank 

ppm of Calcium 

3,000 
6,700 

10,600 
15,000 
4,200 

Table 4 

Inoraanic Chloride Levels in Flv Ash 

Fuel pp3m of Chloride 

First coal blank 
Coal - 10% dRDF (0% binder) 
Coal - 10% dRDF (4% binder) 
Coal - 10% dRDF ( 8 %  binder) 
Second coal blank 

Napthalene 
Acenapthylene 
Acenapthene 
Flourene 
Phenanthrene 
Anthracene 
Fluoranthene 
Pyrene 

Table 5 

EPA Priority PAH's 

100 
190  
2 8 0  
320 
2 8 0  

Benzo-a-anthracene 
Chrysene 
Benzo-b-fluoranthene 
Benzo-k-fluoranthene 
Benzo-a-pyrene 
Dibenzo-a,h-anthracene 
Benzo-g,h,i-perylene 
Idendo-1,2,3,-g,d-pyrene 
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Table 6 

Tetra-Chlorinated Dioxins and Tetra-Chlorinated 
Furans at Site 3 

Tetra- Tetra- 
Chlorinated Chlorinated 

Run#/Samole# Site Dioxin Level Furan Level 

Run 1 Sample 1 

Run 2 Sample 1 

Run 2 Sample 2 

Run 2 Sample 3 

Run 3 Sample 1 

Run 4 Sample 1 

Run 4 Sample 2 

Run 5 Sample 1 

Run 5 Sample 2 

Run 7 Sample 1 

Run 7 Sample 2 

Run 8 Sample 1 

Run 8 Sample 2 

Run 12 Sample 1 

Run 12 Sample 2 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

Detection 
Limit 

0 . 7 2  ng/m3 

1 . 9 9  ng/m3 

4 . 0 7  ng/m3 

5 . 2 4  ng/m3 

4 . 8 0  ng/m3 

4 . 2 7  ng/m3 

4 . 2 7  ng/m3 

0 . 4 9  ng/m3 

0 . 4 7  ng/m3 

4 . 1 6  ng/m3 

4 . 1 0  nq/m3 

4 . 7 8  ng/m3 

4 . 7 8  ng/m3 

3.85 ng/m3 

4 . 8 5  ng/m3 

I 

ng/m3 = nanograms per cubic meter 

BDL = Below Detection Limits 
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A METHODOLOGY FOR ASSESSING THE FEASIBILITY OF DEVELOPING AND TRANSFERRING NEW 
ENERGY TECHNOLOGY TO THE HARKETPLACE. O r .  H. M. K o s s t r i n  and Dr. B. E. Levie. 
R. W. Beck and Associates, 1125 17 th  St reet ,  S u i t e  1900. Denver. Colorado 
80202. 

Any new process in tended t o  produce clean energy f rom waste should be 
character ized f o r  i t s  u l t i m a t e  feas i  b i  1 i ty  o f  becoming commercial l y  
successful. A four-phase s t ra tegy  t o  analyze the  process and p lan  f o r  scaleup 
i s  presented. F i r s t ,  the  new technology i s  assessed i n  terms o f  i t s  market 
p o t e n t i a l  based on l abo ra to ry ,  bench scale o r  p i l o t  data. A comparison w i t h  
competing commercial technology i s  performed t o  compare the technology w i t h  
i t s  compet i t ion by est imat ions o f  f ac to rs  such as l i f e  c y c l e  cost ,  pub l i c  
acceptance, and a d a p t a b i l i t y  t o  changing condi t ions and fue l s .  Second, the 
cu r ren t  s ta tus  i s  reviewed w i t h  respect  t o  theory,  l abo ra to ry  o r  p i l o t  scale 
resu l t s ,  and a v a i l a b l e  cos t  data.  Thi rd ,  t he  path t o  commercial izat ion i s  
ou t l i ned .  The stages o f  scaleup and data requi red t o  prove the  concept and 
remove r i s k s  o f  commerc ia l izat ion a r e  i d e n t i f i e d .  F i n a l l y ,  the  f i nanc ing  
needs f o r  t h e  va r ious  stages o f  scaleup and f o r  a commercial u n i t  are 
determined. 

I n t r o d u c t i o n  

Development o f  any new technology has t r a d i t i o n a l l y  been a 
con t rove rs ia l  sub jec t  due t o  h igh expectat ions shared by  proponents and 
r e s u l t s  which many t imes f a l l  shor t  o f  these expectat ions. S o l i d  and l i q u i d  
waste management has seen both success and f a i l u r e  i n  the  implementation o f  
new technology. For example, promises t o  commercial ly produce l i q u i d  o r  
gaseous fue l s  and/or chemicals from municipal s o l i d  waste (MSW) o r  re fuse 
der ived f u e l  (RDF) have so fa r  been u n f u l f i l l e d  a f t e r  several attempts a t  
demonstrat ing var ious technologies. These f a i l u r e s  encourage us t o  examine 
new and undeveloped technology i n  a more soph is t i ca ted  and step-wise manner 
than has been p rev ious l y  done. By lea rn ing  from p a s t  f a i l u r e s  and tak ing  a .  
methodical and p r o a c t i v e  approach t o  scaling-up sui  t a b l e  technology, we can 
b e t t e r  d i r e c t  development so t h a t  r e a l i s t i c  expectat ions can be made and met. 
The approach discussed here w i  11 increase chances f o r  successful development 
o f  new waste management technologies. 

The fo l l ow ing  phases o u t l i n e  the approach t o  be presented: 

Determine if a technology a t  i t s  cu r ren t  s t a t e  o f  development, e i t h e r  
conceptual, bench, o r  p i l o t  sca le can be p o t e n t i a l l y  compet i t ive w i t h  
commercial technologies today. 

11. Es tab l i sh  t h e  current  s ta tus o f  the technology and what needs t o  be 
b e t t e r  understood be fo re  progressing. 

111. Es tab l i sh  t h e  path which would most l o g i c a l l y  be taken t o  r e s u l t  i n  
commercial izing the  technology. 

I d e n t i f y  the requirements o f  d i f f e r e n t  f i nanc ing  op t i ons  necessary t o  
commercial ize the  technology. 

I. 

IV .  
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These phases f o l l o w  a progression i n  which the  r e s u l t s  o f  each b u i l d s  
on the r e s u l t s  from the preceding phases. This  review can be s ta r ted  a t  any 
t ime i n  the development process and should be updated t o  account f o r  new data 
on the  technology, t he  competit ion, o r  the market as they become ava i l ab le .  

Review and analys is  o f  new technology can be biased according t o  the  
perspect ive o f  the  reviewer. The inves t i ga to rs ,  developers, and sponsors a l l  
have vested i n t e r e s t s  i n  the  technology which may prevent a balanced view o f  
the  technology, i t s  development, o r  i t s  commercial izat ion. I nves to rs  and 
lenders t y p i c a l l y  l ook  f o r  independent reviews o f  the technology p r i o r  t o  
committ ing l a r g e  amounts o f  c a p i t a l .  Th is  can best  be accomplished by persons 
wi thout  c o n f l i c t s  o f  i n t e r e s t  and w i t h  an adequate background rev iewing 
development o f  the  technology. 

Review o f  the ConceDt 

I n  t h i s  i n i t i a l  stage o f  analys is ,  the  technology i s  looked a t  
o b j e c t i v e l y  t o  assess i t s  n iche i n  cu r ren t  markets. The f i r s t  s tep  I s  t o  
i d e n t i f y  t he  market or markets where the  technology would most l i k e l y  be 
competing and t o  broadly  e s t a b l i s h  a range o f  compet i t ive p r i c i n g  f o r  the 
serv ice prov ided or product produced. I t  i s  impor tant  t o  consider a l l  areas 
where the technology could p o t e n t i a l l y  compete, i nc lud ing  those o u t s i d e  the  
primary f i e l d  o f  i n t e r e s t .  High value chemicals, res ins,  and p l a s t i c s ,  f o r  
instance. may be more economical ly f eas ib le  t o  produce than f u e l s  f rom c e r t a i n  
feedstocks. 

Questions t o  resolve before proceeding are those which would be 
impor tant  t o  an i nves to r .  These genera l l y  w i l l  es tab l i sh  i f  the  market i s  
p o t e n t i a l l y  s t rong and l a s t i n g .  I n  the  area o f  s o l i d  waste management, t he  
fo l l ow ing  questions can be used as guide l ines t o  asce r ta in  t h e  market 's  
p o t e n t i a l .  S im i la r  questions can be developed f o r  any p a r t i c u l a r  f i e l d .  

- Is market expanding? 

- I s  i t  monpol is t ic  o r  con t ro l l ed  by a few companies? 

- What are the  minimum o r  maximum requirements f o r  waste needed t o  be 

- I s  the waste composition changing due t o  recyc l i ng ,  composting. 

- Are markets l oca l i zed ,  where a re  they located? 

- Do long-term contracts  e i t h e r  fo r  feedstocks o r  products a l ready 

processed? 

changes i n  consumption, e tc .?  

e x i s t  which would i n t e r f e r e  w i t h  t h i s  technology? 

What are the  standards fo r  the product produced? 

Can environmental permi ts  be obtained? 

What are the  cha rac te r i s t i cs  of'markets f o r  byproducts o f  t h e  process? 

- 
- 
- 
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The next step in reviewing a new technology I s  t o  compare the 
technology with those commercial technologies currently in the identified 
market(s). This comparison can be as brief or extensive as is desired, 
depending on if we are considering a revolutionary change or just an 
evolutionary advance in the market. At a minimum, cost and environmental 
comparison should be made between the new technology and what i s  available in 
the market. The cost should be assessed on a life-cycle basis, accounting for 
capital, operation and maintenance. disposal of residue costs, and revenues 
from tipping fees, the primary product and any byproducts. The general 
environmental assessment could include a number o f  considerations including 
impacts on air, water, workers. noise, and flora and fauna. 

There are many other considerations in performing this initial 
assessment. The feedstock must be compatible with the technology, and the 
productcs) compatible with the existing markets. Flexibility can be quite 
advantageous in the waste management industry, as the quantities and 
composition of waste i s  rarely fixed. While some technologies might only be 
competitive for a certain type and quantity of waste, others could take many 
types of waste. in a range of quantities. Effects on other related 
technologies should be assessed, as today municipalities and other 
organizations are interested in integrated solid waste management. Generally 
no one technology can solve the waste problems for a given location. Thus. 
technologies which can work effectively together may be more desirable than 
those which prevent other technologies and strategies from being employed 
successfully. 

In order to compare the new technology with existing ones, it must be 
emphasized that the new technology should be judged on a realistic basis. A 
conservative estimate for costs, revenues and efficiency o f  the new process 
should be used for comparison purposes. Often a new technology assessment 
under estimates commercialization costs and greatly over estimates potential 
revenues from products. 

Establishino Current Status o f the Tech no1 oqy 

The second phase of this review i s  to establish the current status of 
the new technology, providing a baseline or framework from which further 
development can be compared. The initial limited economic feasibility 
developed in Phase I, can be updated with new information gained in this 
phase. Technical and economic gaps in knowledge should be identified in this 
phase and either resolved now o r  targeted for later development work andlor 
analysis . 
Existing Data Review 

This stage of review i s  many times performed by the researchers in 
order to propose further expenditures or justify previous funding. Therefore, 
some data may already exist for this analysis. 

The first part o f  establishing the current status i s  t o  verify that 
the process proposed i s  physically possible and practically attainable. This 
will require checking previous assumptions. reviewing theory and obtaining 
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c o r r e c t  parameter values f o r  thermodynamic, k i n e t i c  and mass and heat 
t r a n s f e r .  Mass and energy balances should be done t o  check process 
f e a s i b i l i t y .  A second law ana lys is  could be performed on the process t o  
i d e n t i f y  i n e f f i c i e n c i e s .  

Once the theory has been reviewed. opera t iona l  data from t h e  lab ,  
bench, and lo r  p i l o t  f a c i l i t y  should be assessed t o  determine the d e v i a t i o n  
from theory. This w i l l  a l l o w  a b e t t e r  est imate o f  expected y i e l d s  as the  
process i s  scaled-up f u r t h e r .  I t  w i l l  a l s o  serve t o  h i g h l i g h t  areas where the  
process can be improved o r  i s  not  performing as w e l l  as expected. I n  some 
cases, it. w i l l  p o i n t  t o  the  f a c t  t h a t  the  data i s  i naccura te  or i n s u f f i c i e n t  
f o r  reasonable ana lys is  and t h a t  a d d i t i o n a l  and more accurate data must be 
obtained be fore  f u r t h e r  progress can be made. I t  i s  important i n  t h i s  review 
t h a t  s u f f i c i e n t  data be a v a i l a b l e  t o  determine the p r e c i s i o n  of  t h e  data. 
Furthermore. there  should be an adequate review o f  the ins t rumenta t ion  and 
data a c q u i s i t i o n  system t o  determine any measurement biases which e x i s t .  For 
example, biases occur i n  h i g h  temperature measurements, and when measurements 
are made close t o  the  de tec t ion  l i m i t  o f  the ins t rumenta t ion .  

Once a thorough review o f  the a v a i l a b l e  data has been accomplished, 
we need t o  update our o r i g i n a l  economic model. E x i s t i n g  c o s t  data should be 
reviewed t o  b e t t e r  e s t a b l i s h  costs o f  the technology a t  i t s  present s t a t e  o f  
development. These costs should be segregated as much as poss ib le  i n t o  
standard technologies and developmental technologies t o  i d e n t i f y  which areas 
need more accurate est imates as development proceeds. I f  poss ib le ,  cos ts  for 
each piece o f  equipment o r  u n i t  operat ion should be tabu la ted .  

Many costs w i l l  n o t  be a v a i l a b l e  based on p i l o t  p l a n t  data, such as 
upstream and downstream equipment which may n o t  be implemented a t  t h i s  stage 
o f  development. But t h i s  equipment can be estimated I f  standard technology i s  
used. Equipment i n  t h i s  category may inc lude mater ia l  waste recovery systems, 
gas cleaning, l i q u i d  c leaning, heat recovery equipment. and emissions. 
e f f l u e n t  and residue treatment systems. 

Costs f o r  opera t ion  and maintenance (O&M) a r e  d i f f i c u l t  t o  determine 
as p i l o t  scale or smal ler  equipment w i l l  r a r e l y  run f o r  long continuous 
per iods of t ime. Some costs may be determined such as on energy requirements, 
energy losses, and o ther  requirements o f  the process such as gases, water, or 
o t h e r  u t i l i t i e s .  Costs associated w i t h  running the process f o r  long per iods 
of  t ime w i l l  genera l l y  n o t  be ava i lab le .  But p r e l i m i n a r y  est imates can be 
made, and ranges I n p u t  t o  the economic model t o  e s t a b l i s h  a c u r r e n t  economic 
s ta tus .  

Technical and Economic Questions 

The review o f  the cur ren t  status w i l l  r a i s e  var ious quest ions on both 
a techn ica l  and cost basis.  Technical questions which are e a s i l y  resolved 
w i t h  c u r r e n t  equipment should be addressed as soon as poss ib le  p r i o r  t o  going 
on t o  Phase 111. 
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I t  i s  g e n e r a l l y  f a r  less  expensive t o  acquire data a t  the i n i t i a l  
stages o f  development than l a t e r  on, and t h i s  data can prov ide  many benef i t s .  
The a d d i t i o n a l  da ta  taken may i n d i c a t e  unusual phenomena o c c u r r i n g  which need 
t o  be understood for  successful scale-up. Ex t ra  in fo rmat ion  may p o i n t  t o  
f laws i n  the  technology such as l a r g e r  heats o f  r e a c t i o n  than ca lcu la ted ,  poor 
k i n e t i c  ra tes ,  o r  poor  c a t a l y t i c  a c t i v i t y .  Such r e s u l t s  might be ind ica ted  
us ing  e x t r a  thermocouples, ca lo r imet ry ,  g rav imet r ic  monitor ing,  e tc .  These 
may be economical t o  measure a t  t h i s  stage o f  development, b u t  n o t  once the 
technology i s  scaled-up. Discrepancies between ac tua l  opera t ing  data and 
t h e o r e t i c a l  p r o j e c t i o n s  may i n d i c a t e  p o o r l y  understood phenomena, inaccurate 
data, or i n v a l i d  assumptions i n  the  theory.  These techn ica l  data gaps may 
need t o  be f i l l e d  be fore  f u r t h e r  progress should be attempted. 

Technical  quest ions which may be unanswerable i n c l u d e  environmental 
impacts. r e l i a b i l i t y  o f  equipment over time. labor  necessary t o  r u n  and 
maintain opera t ions  f u l l  t ime, and degradat ion o f  process over time due t o  
unknown phenomena. These questions w i l l  need t o  be r e v i s i t e d  I n  l a t e r  phases 
of  development, and should be noted t o  t r i g g e r  l a t e r  a c t i v i t y .  

Economic quest ions which may n o t  y e t  be answered should be i d e n t i f i e d  
a t  t h i s  p o i n t  and no ted  f o r  l a t e r  r e s o l u t i o n .  These may inc lude questions o f  
costs f o r  upgrading t h e  products and byproducts f o r  sale, p r i c e s  f o r  the 
products and byproducts,  and disposal  costs f o r  residues and e f f l u e n t s .  Some 
o f  these quest ions a r e  bes t  l e f t  f o r  l a t e r  stages i n  development, when more 
representa t ive  produc ts  and residues w i l l  be produced. By i n i t i a l l y  
e s t a b l i s h i n g  cos ts  o f  upgrading o r  t r e a t i n g  products o r  residues, i t  may be 
revealed t h a t  f u r t h e r  cons idera t ion  needs t o  be given t o  d i f f e r e n t  methods o f  
treatment. This may need t o  be worked on before,  o r  concurrent t o  scaling-up. 

Es tab l i sh ina  a Path t o  Comnercial izat ion 

Now t h a t  the  c u r r e n t  s ta tus  o f  the emerging technology has been 
es tab l i shed and we have updated the economic model w i t h  new in fo rmat ion ,  which 
s t i l l  p r o j e c t s  a compet i t i ve  product, we can e s t a b l i s h  how t o  proceed. This 
t h i r d  phase o f  development can consume f a i r l y  l a r g e  amounts o f  c a p i t a l .  so a 
c r i t i c a l  assessment should be conducted t o  e s t a b l i s h  a d e l i b e r a t e  agenda so 
t h a t  an i n v e s t o r  may be convinced t o  fund t h i s  phase. 

The i n i t i a l  t a s k  of  t h i s  phase i s  a r i s k  assessment t o  i d e n t i f y  any 
techn ica l  f laws i n  t h e  concept, and e s t a b l i s h  a p l a n  t o  address and overcome 
any obstacles.  A s  an example, the process data from bench scale operat ions has 
confirmed the  k i n e t i c  v i a b i l i t y  o f  the process b u t  has l e f t  unanswered c e r t a i n  
mechanical quest ions.  For instance, we know the reac tor  works bu t  we have 
assumed i n  our model a feeder t h a t  can use unprocessed feedstock. The problem 
i d e n t i f i e d  i s .  how do we in t roduce the s o l i d  feedstock i n  a uniform, 
continuous manner w i t h o u t  excessive preprocessing. This r i s k  assessment, 
which should i n c l u d e  a l l  components, i s  intended t o  i d e n t i f y  components o f  the 
process t h a t  e i t h e r  r e q u i r e  f u r t h e r  development p r i o r  t o  proceeding t o  the 
f i r s t  scale-up o r  t o  f i n d  an acceptable a l t e r n a t i v e .  

'I 
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The final piece of the r i sk  assessment i s  t o  c r i t i ca l ly  look a t  the 
question of scale-up. One may ask the question, how far  can we proceed, in 
th i s  in i t ia l  step from bench scale? B u t  the right question i s ,  what i s  the 
maximum scale-up possible from the final development unit to  the commercial 
demonstration? Answering this question i s  a key to  determining the total  path 
t o  commercialization. We can t h e n  decide on how many scale-up steps to  take 
and when c r i t i ca l  components should be scaled-up. These steps may include any 
or a l l  of the following: an integrated pilot  plant, a semi-works to  prove out 
c r i t i ca l  components or a complete demonstration system. 

After planning the global technical approach, and the required 
component development has been identified, we need to  feed any revisions t o  
our overall cost model to  reconfirm feas ib i l i ty .  The next stage i s  t o  
determine t h e  additional technical data, whether mechanical or process, that 
i s  required. 

Typical questions which help identify such data include: 

- Does each component work as intended? 

- Does the system as a whole work together in a safe manner? 

- Does proper selection of materials take into consideration "corrosive 
and errosive elements in the process and can I maintain product 
specifications? 

In addition, the duration of acquiring the answers t o  these questions 
should be established. Typical goals of th i s  f i r s t  scale-up may be 5,000 
hours of total  t e s t  time with perhaps 1.000 hours of continuous operation 
under design conditions. The purpose of this scale-up i s  t o  work through t h e  
operational and process problems, confirm yields and product quality, and 
obtain an indication of re l iab i l i ty .  The "other" objective i s  to  be able to 
again refine the economic model with the data obtained from th is  f i r s t  
scale-up for both capital and operations costs. We will need th i s  
information, since we are approaching the time that additional capital will be 
needed for the next scale-up or for a continuously operational demonstration 
fac i l i ty .  

Once we have established technically wha t  type of data and scaled-up 
system the technology requires, we need to  establish a cost of th i s  phase of 
the work and raise additional capital .  A t  this stage, i t  i s  important to 
consider i f  any revenue can be derived from the operation of the development 
unit to offset  the operational costs. This may not be r ea l i s t i c ,  b u t  an 
investor typically likes to  see some "pay as you go" operation while 
development i s  progressing. 

After the development unit has completed the technical data 
acquisition, i t  i s  again time to  refine our feas ib i l i ty  model with new cost 
da ta ,  operational data and re l iab i l i ty  data .  The level of success of the 
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development u n i t  w i l l  a t  t imes determine the type  of f i n a n c i n g  t h a t  the  
process developer can consider. The f i n a l  sec t ion  discusses the  var ious 
o p t i  om. 

x e d  F i  

As  we complete Phase 111, the  a d d i t i o n a l  data c o l l e c t e d  from the  
scaled-up opera t ion  i s  again fed  back i n t o  the economic model t o  reconf i rm 
f e a s i b i l i t y .  A p o s i t i v e  r e s u l t  w i l l  now enable the p r o j e c t  t o  proceed t o  
r a i s e  the  c a p i t a l  necessary t o  b u i l d  a f u l l  sca le  f a c i l i t y  which, by 
d e f i n i t i o n ,  when successful  w i l l  be the f i r s t  commerclal u n i t .  

Financing can be obtained from a v a r i e t y  o f  sources, rang ing  from 
t o t a l  equ i ty ,  where t h e  i n v e s t o r  assumes a l l  the r i s k ,  t o  non-recourse p r o j e c t  
f inanc ing  where t h e  r i s k  o f  f a i l u r e  i s  d i v i d e d  between the lender and the 
e q u i t y  p a r t i c i p a n t .  Technologies concerned w i t h  t h e  disposal  o r  processing of 
s o l i d  waste are  c u r r e n t l y  e l i g i b l e  t o  o b t a i n  tax  exempt bonding a u t h o r i t y .  
The lower cos t  o f  c a p i t a l  by using tax  exempt bonds i s  a commonly used method 
t o  enhance the o v e r a l l  economics o f  a p r o j e c t .  

Funding a new technology using non-recourse p r o j e c t  f inancing, 
t y p i c a l l y  requ i res  e i t h e r  some l e v e l  o f  e q u i t y  p a r t i d p a t i o n  or a guarantee t o  
pay back the debt, or some combination o f  the two. The l e v e l  o f  e q u i t y  
p a r t i c i p a t i o n  or debt  guarantee depends on the  c h a r a c t e r i s t i c s  o f  the  p r o j e c t  
and the p r o j e c t e d  economics as determined by an Independent Engineering 
Study. This Independent Engineering Review i s  c r i t i c a l  t o  bo th  lenders and 
e q u i t y  p a r t i c i p a n t s ,  s ince i t  i s  intended t o  conf i rm both the  techn ica l  and 
economic v i a b i l i t y  o f  the technology. 

From a l e n d e r ' s  p o i n t  o f  view. the  t y p i c a l  c h a r a c t e r i s t i c s  o f  a 
strong p r o j e c t  i n c l u d e  some o r  a l l  o f  the fo l low ing :  

A tu rnkey  c o n s t r u c t i o n  c o n t r a c t  i n c l u d i n g  a f \ x e d  p r i c e ,  f i x e d  
complet ion date,  d e t a i l e d  performance t e s t  and p e n a l t i e s  f o r  
nonperformance. 

An opera t ions  and maintenance cont rac t  w i t h  a f i x e d  p r i c e  and 
i n c e n t i v e s  f o r  p o s i t i v e  performance and p e n a l t i e s  f o r  poor 
performance. 

Independent p r o j e c t i o n s  based on the technology and c o n t r a c t  
s t r u c t u r e  whlch show adequate cash f l o w  t o  cover a l l  expenses and 
debt service.  These p r o j e c t i o n s  should be done fo r  bo th  t h e  expected 
opera t iona l  scenar ios and i n  cases where p o t e n t i a l  problems may a r i s e  
t h a t  are e i t h e r  techn ica l  or economical i n  nature.  

Rais ing t h e  c a p i t a l  f o r  a new technology can be as cha l leng ing  as 
completing the  t e c h n i c a l  development. However, t h i s  j o b  i s  eas ie r  when the 
proper groundwork has been l a i d  by f o l l o w i n g  the methodology presented here. 
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ABSTRACT 

Pd and NVMo exchanged hydrous titanium oxides (HTOs) have high activities for hydrogenation and 
hydroprocessing reactions, respectively which arise principally from the etrective dispersion of the 
active phases and the acidity of the substrate. This paper covers (i) the use of deuterated substrates to 
investigate the mechanism ofpyrene hydrogenation with Pd-HTOs, (ii) the use of XPS and EXAFS to 
investigate the dispersion of the Pd and Ni/Mo and (iii) the impad of ion-exchange procedures on the 
activity of Ni/Mo-HTOs for hydrodesulphurisation (HDS) and hydrodenitrogenation (HDN). The 
deuteration experiments indicated that acidic hydrogen on the HTO does not participate in 
hydrogenation despite the broad correlation ofactivity wifh the substrate acidity. XPS and EXAFS 
indicated that the Pd and sulphided Mo phases on HTOs are smaller than on other substrates, such as y- 
alumina where impregnation procedures are used. Indeed, EXAFS has provided evidence for the 
existence of a mixed "Ni-Mo-S' phase. Hydrogenation and hydrogenolysis activities and selectivities 
in HDS of dibenzothiophene and quinoline vary considerably as a function of substrate surface area, 
preparation procedure and calcination temperaturr. 

INTRODUCTION 

Hydrous metal oxide ion-exchange compounds of Ti, Zr, Nb and Ta were developed originally for the 
preparation of ceramic materials [ I ]  and the decontamination of aqueous nuclear wastes [Z]. However, 
the high surface areas and ion-exchange capacities, variable acidities and relatively good thermal 
stability make these amorphous materials ideal substrates for transition metal, metal oxide and metal 
sulphide catalysts. Indeed, research to date has shown that Pd-hydrous titanium oxides (HTOs, the 
cheapest hydrous metal oxide to prepare) have considerably higher activities than Pd-y-alumina 
catalysts for the hydrogenation of polynuclear aromatic compounds, such as pyrene (31. Active carbon 
is the only widely-used suppolt for Pd that has been found to give comparable activities to the HTOs 
[4]. Moreover, activities of Ni/Mo-HTOs have been found fo be broadly comparable to theiry-alumina 
counterparts for hydroprocessing coal tars 151 and heavy coal liquids 161 and they do not undergo rapid 
deactivation. However, there are a large number of variables involved in the preparation of HTOs and 
their compositions, parlicularily in relation to catalytic activity, remain important topics for research. 

In this paper, the following aspects of structure and reactivity of HTOs are addressed. 

(i) 

(ii) 

(iii) 

The use of X-ray photoelectron spectroscpoy ( D S )  and extended X-ray adsorption fine 
structure (EXAFS) to investigate the dispersions of Pd and sulphided NilMo , respectively. 
The use of deuterated substrates to investigate whether acidic hydrogen participates in the 
mechanism for pyrene hydrogenation with Pd-HTOs. 
The impact of ion-exchange and calcination procedures on activity and selectivity in 
hydrodesulphurisation (HDS) and hydrodenitrogenation (HDN). 

EXPERIMENTAL 

Catalvst urewration 
Sodium hydrous titanium oxide substrates (Na-HTOs) were prepared as described [3-61 previously by 
hydrolysing the soluble intermediate formed from titanium tetraisopropoxyl and a methanolic solution 
of sodium hydroxide. The atomic ratio of Na to Ti was 0.5 for all the substrates used in this 
investigation. To increase the surface areas of the HTOs, about 15% w/w of silica was incorporated 
into the substrates using the appropriate amount of silicon tetraethyl in the preparation 171. Pd was ion- 
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exchanged onto the Na-HTOs to give nominal loadings in the mnge I-20% w/w using two procedures. 
In the first, Pd was dissolved in a mixture of concentrated nitric and hydrochloric acids and diluted to a 
pH of I .  Following ion-exchange with the appropriate volume of solution, the Pd-HTO was Filtered, 
washed with acetondwater and dried under vacuum. In the second method, The Na-HTO was 
contacted with an aqueous solution of Pd(NH3)4C12.H20 and, after filtration and washing, the catalyst 
was acidified with phosphoric acid to a pH of 3-4. All the Pd-HTOs were calcined at 35OOC for IO 
minutes. For deuteration experiments, Pd-HTOs were prepared by these two methods but using the 
corresponding deuterated mineral acids. 

A series of Nmo-HTOs were prepared with a nominal loading of 10% Mo and the Ni concentration 
was varied between I and 7% w h .  Table 1 summarises the variables in the preparation procedure 
which included the substrate surface area, the order of ion-exchanging Ni and Mo in conjunction with 
substrate acidity, calcination temperature and whether or not the HTO was calcined in between ion- 
exchanging Ni and Mo. The nickel was loaded from nickel nitrate solution at a pH of 4 and Mo from 
ammonium heptamolybdate solution at the same pH. Sulphuric acid was used to acidify the HTOs in 
all the preparation stages. 

Characterisation 
Nitrogen BET surface areas of most of the HTOs were determined and typical values are summarised in 
Table 2. Incorporating silica into the substrate and exchaging Pd for Na greatly increased the surface 
area from the typical baseline value of 80 m2 g-l for the Na-HTO. Mo concentrations were determined 
directly from XRF and indirectly by AA using the ammonium heptamolybdate solutions after ion- 
exchange. 

The Pd and Ni/Mo HTOs have been analysed using XPS at each stage in their preparation procedures. 
The spectrometer comprised a Vacuum Science Workshop 100 mm hemispherical analyser with an AI 
anode as the X-ray source giving AI& radiation at 1486.6 eV. The powdered samples were adhered 
to conventional SEM stubs with double-sided cellotape and evacuated to 10-6 torr before transfer from 
the entry to the main chamber for analysis. Ni EXAFS was carried out at the Daresbury laboratoty 
using station 7.1. with monochromatic X-rays having a wavelength of 1.488 A'. 

Activitv measurements 
Pyrene was hydrogenated at IOOOC and 10 bar pressure using stainless steel tubing bomb microreactors 
(TBMR) immersed in a fluidised sandbath and agitated via a flask shaker and ball bearings in the 
reactors [3]. 0. Ig of pyrene was used with n-hexadecane as an inert diluent and 20mg of catalyst. 
After the desired reaction period, the TBMRs were quenched in water and the reaction mixture was 
recovered for gas chromatographic (GC) analysis. 

HDS and HDN activities of the N i N o  catalysts were assessed using dibenzothiophene and quinoline 
respectively. For purposes of comparison, tests were also carried out with a commercially available 
NWo-y-alumina catalyst ( A b  153). The catalysts were pre-sulphided at 400OC prior to the tests 
using a large stoichiometric excess of hydrogen sulphide in hydrogen. Both the HDS and HDN tests 
were conducted at 350OC and 70 bar pressure (cold) in TBMRs. These were loaded with 20 mg of 
catalyst and I 0 3  of 0.06 molar solutions of dibenzothiophene and quinoline in n-decane or n- 
hexadecane containing a different n-alkane as internal standard [SI. After the desired reaction period, 
the solutions were recovered and the product disributions were determined by GC. 

RESULTS AND DISCUSSION 

Hvdronenation activitv and XPS characterisation of Pd-HTOs 
The hydrogenation of pyrene to di- and tetrahydropyrenes can be conveniently modelled as a pseudo 
first order reaction [3]. The rate constants on a weight of catalyst basis are presented in Figure I for the 
two methods used to ion-exchange Pd onto the HTOs. As the Pd concentration is increased from I to 
20% (maximium ion-exchange capacity of Pd is about 23% w h  of dry catalyst), the rate constants 
increase linearly, i.e. they remain virtually constant with respect to the weight of Pd. However, the 
activities of the HTOs prepared from Pd dissolved in aqua regia are vastly higher than those prepared 
from the tetra-amine salt. Apart from a possible inhibiting effect from the amine ligands, the key 
difference in the two methods is that with the tetra-amine salt, the catalyst is acidified after rather than 
during ion-exchange. As reported previously [3], activity does broadly correlate with substrate acidity 
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- 
as demonstrated by the fact that the neutral Pd-HTO gave an extremely low conversion, but other more 
subtle effects such as the Pd precursor used can also be important. For a given preparation method, 
the hydrogenation activity has been found to broadly correlate with the substrate BET surface area 141. 

Figure 2 presents the surface atomic P m i  mtias for the two methods used to prepare the Pd-HTOs. 
For the method employing the tetraamine salt as the Pd precursor, the P d G  increases linearly with Pd 
concentration up to the highest loading used of 20% w h  in accord with the increase in the rate constant 
for pyrene hydrogenation (Figure I )  and suggesting that the dispersion of the Pd does not vary 
markedly. In contrast, for the method using Pd dissolved in aquq regia, the P m i  ratios plateaus at 
approximately 5% Pd despite the hydrogenation mte constant increasing linearly with Pd concentration. 
Up to a loading of 5% Pd, both methods give the same P n i  ratio. It is proposed that this apparent 
difference arises from a kinetic efl'ect with much faster ion-exchange of Pd occurring on the HTO 
surface when the Pd is dissolved in acid. 

The results above and previous work [3] suggest that the acidic protons on the HTOs may participate in 
the hydrogenation reaction in much the same way as with super acids. To test this ascertion, the Pd- 
HTOs deuterated acids were used instead of the corresponding mineral acids in the preparations of the 
Pd-HTOs. Moreover, the reactions with deuterium-labelled Pd-HTOs were carried out under 
conditions where the concentrations of acidic deuterium on the catalyst were vastly in excess of the 
amount of hydrogen required. GC-MS analyses of the hydrogenated pyrenes indicated that the acidic 
deuterium had not been incorporated in measureable quantities and, therefore, it is suggested that the 
primary role of the acidic substrate in hydrogenation and indeed, also in HDS and HDN, is to facilitate 
the adsorption ofaromatic species. 

Characterisation of N W o  HTOs 
Figure 3 presents the XPS-determined surface Mo concentrations for two Mo- and a NGlo-HTO, 
together with that for the commercial y-alumina catalyst. The surface Mo concentrations increase 
linearly with the bulk concentration up to a loading of 20% w/w. For nominal bulk loadings of about 
10% Mo, the surface concentration is higher on the HTOs (Figure 3). EXAFS provides evidence that 
the dispersion of Ni is also superior on the HTOs than on y-alumina. In the EXAFS transforms for 
supports containing only sulphided Ni, the characteristic Ni-Ni peak at about 3.0 A'was virtually absent 
for the HTOs whereas it was a prominent feature for y-alumina. For the NVMo catalysts, the peak due 
to the mixed Ni-Mo-sulphide phase at about 2.8 Xwas less pronounced for the HTO than for the 
commercial y-alumina catalyst (Figure 4). However, this difl'erence is attributed to the fact that the 
HTO was calcined in between ion-exchanging Ni and Mo and that the Ni concentration was higher ( 5  cf 
2.5 %) meaning that a smaller proportion of the Ni is likely to be in the mixed phase. 

Hvdrodesulohurisation and hvdrodenitroaenation 
Figures 5 and 6 summarise the product distributions obtained from the HDS and HDN tests on 
dibenzothiophene and quinoline, respectively with the N W o  HTOs (M IA-MIA, Table I )  and the 
commercial y-alumina catalyst. The highest activities for the HTOs were observed for those samples 
not calcined between ion-exchanging the Ni and Mo (M2A and M7A) possibly due to maximising the 
concentration of the catalytically active mixed Ni-Mo-sulphide phase. Indeed, the activities of these 
HTOs were comparable to that of the y-alumina catalyst for HDS (Figure 5 )  and superior for HDN 
where higher concentrations of propylcyclohexane and propylbenzene were obtained (Figure 6). 
However, it should be pointed out that the activities of commercial y-alumina catalysts can vary 
considerably and the HDN activity of Akzo 153 may be less than that of other corresponding samples. 

All the HTOs discussed above were calcined at 5000C because results for thiophene indicated that HDS 
activity increased markedly as the calcination temperature is increased above 400OC. Figures 7 and 8 
present the variations in HDS and HDN activity for dibenzothiophene and quinoline, respectively as the 
calcination temperature is increased from 350 to SSOOC. For HDS, the activity increases considerably 
and the extent of hydrogenation as indicated by the concentrations of bicyclohexyl decreases. Similarly 
for HDN, an increase in hydrogenolysis activity for removal of the heteroatom is observed. 
Interestingly, these significant changes in activity with increasing temperature must be accompanied by 
increasing amounts of the amorphous HTOs being converted into crystalline titania ( primarily anatase 
as indicated by XRD). 
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Table 1 Twical BET surface areas of the HTOs 

Type of HTO Surface area m2 g-1 

Na-HTO (atomic N n i  tatio = 0.5) 

Na-HTO/silica (about 15% w/w silica) 

10% Pd-HTO 

10% Pd-HTO/silica 

NiIMo-HTO (about 3% Ni, 10% Mo) 

NiIMo-HTO/silica 

98 

204 

170 

3 10 

73 

270 

Table 2 Summarv of high surface area NilMo HTO/silica catalvscS oremred 

Designation Ion-exchange sequence No. of calcination9 Removal of Nab 

MIA 1. Mo 2. Ni 2 No 

M2A I .  Mo 2. Ni I No 

M3A I .  Ni 2. Mo 2 No 

M4A 1. Mo 2. Ni 2 No 

M5A 1. Mo 2. Ni 2 

M6A I .  Mo 2. Ni 2 

M7A 1. Ni 2. Mo 1 

Ye 
(PH 2.5) 
YeS 
(PH 4) 
No 

a = hvo corresponds to calcining between the ion-exchange steps. 
b = sodium removed via acidification prior to ion-exchange of Mo. 
The pH of the molybdate solution was adjusted to 4 except for MIA where it was 2.5. 
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REACTIONS OF PROPANE ON HYDROUS METAL OXIDE-SUPPORTED CATALYSTS 
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Keywords: propane, dehydrogenation, metal oxide 

INTRODUCTION 
There are strong economical incentives today to develop 

catalysts for the selective conversion of light paraffins, 
especially propane. Formation of propylene, aliphatics or aromatics 
is favorable. Previous work has shown catalytic conversion of 
propane on HZSM-5 (Inui and Okazumi, 1984; Kitagawa et al., 1986; 
Scurrell, 1988). The main products are benzene, toluene and 
xylenes. In this work, a relatively new type of catalyst is 
prepared for the reaction of propane, i.e., hydrous metal oxides. 

Hydrous metal oxides were first used for waste water treatment 
and direct coal liquefaction (Stephens et al., 1985). Research on 
these materials identified several properties that might make 
hydrous metal oxides useful as catalyst supports. They include high 
surface area, large ion exchange capacity, dual ion exchange 
properties for cation and anion, and strong thermal stability 
(Lehto, 1987). This study employed hydrous metal oxides as catalyst 
supports for the synthesis of catalysts for the propane 
transformation. 

EXPERIMENTAL 
Catalysts. Sol-gel method was used to prepare two different 

types of hydrous metal oxides, i.e., hydrous silicon titanium oxide 
and hydrous zirconium oxide. The main procedure followed the patent 
by Dosch et al. (1985) : 

Tetraisopropyl titanate was mixed with tetraorthoethyl 
silicate to get a clear solution. Then slowly add the alkoxide 
mixture into a 10 wt% methanol solution of sodium hydroxide to get 
a very thick soluble intermediate. The intermediate was rapidly 
added to a solution of 1:lO water and acetone. The slurry was 
continuously stirred until it was homogenized. Filter the mixture 
and rinse with acetone. Collect the precipitate and dry it in 
vacuum at 80 OC overnight. This procedure was used to prepare 
hydrous silicon titanium oxide. 

Hydrous zirconium oxide was synthesized by the same procedure, 
except that zirconium propoxide and potassium hydroxide were used. 
These two types of hydrous metal oxides were incorporated with Mo, 
Ni, Pd or Zr via ion exchange. After ion exchange, the catalysts 
were treated with sulfuric acid and then calcined in air at 540 OC. 

Activity Tests. Activities of the catalysts were determined by 
their performance in the reactions of propane. Reactions were 
carried out isothermally in a Pyrex reactor under atmospheric 
pressure. Reaction temperature was 600 OC. The feed was 20% propane 
in nitrogen. Propane weight hour space velocity was 1.5 to 1.9. 
Composition of products was obtained with two GCs using a flame 
ionization detector and a t h e r m a l c o n d u c t i v i t y d e t e c t o r ,  respectively. 

1 
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RESULTS 
Characterization of Catalysts. Hydrous metal oxides as 

prepared were amorphous materials with 30% to 35% volatile. The 
surface areas of hydrous silicon titanium oxide and hydrous 
zirconium oxide were 390 m2/g and 260 m2/g, respectively. The pore 
volume was 0.6 cc/g with pore diameters in the range of mesopores. 
After ion exchange, the weight percent of Pd, Mo, Ni and Zr in the 
catalysts were 0.52%, 15%, 1.4% and 14% respectively based on dry 
weight. After calcination, hydrous silicon titanium oxide and 
hydrous zirconium oxide changed to their oxide forms, i.e., silica, 
titania and zirconia. X-ray diffraction showed that titania was 
predominately anatase with a small amount of rutile, while the 
phase of zirconia was cubic. 

NaOH titration and temperature programmed desorption of 
ammonia experiments showed that the catalysts synthesized were weak 
acidic materials. Zirconia supported catalysts had higher acidity 
than the corresponding silica titania catalysts. Figure 1 is the 
ammonia TPD of Pd on zirconia and Pd on silica titania. Most of the 
ammonia desorbed below 250 OC, which indicates the absence of 
strong acid sites. 

Activity Tests. Figure 2 is the summary of the activity tests 
on the catalysts. Dehydrogenation was the main reaction of propane 
and propylene was the largest reaction product. The change of 
propylene selectivity at different levels of propane conversion is 
shown on the figure. For silica titania supported catalysts, 
propane conversion ranged from 10% to 20% and propylene molar 
selectivity from 55% to 70%. For most zirconia supported catalysts, 
the conversion of propane was higher, up to 30% to 47%. 

Besides propylene, the product consisted of methane, ethane, 
ethylene, small amounts of aromatics and C, to C, aliphatics. Figure 
3 is the product distribution of propane reaction on silica titania 
supported molybdenum. Molar selectivities to light hydrocarbons 
ranged from 5% to 15% without significant change with time on 
stream. 

Figure 4 shows the effects of active metals on propane 
conversion. The three catalysts were Pd, Mo and Ni supported on 
zirconia. The comparison indicated that palladium was the most 
active among these three metals. 

DISCUSSION 
From thermodynamic equilibrium point of view, propane converts 

to light hydrocarbons (methane, ethane, etc.) and aromatics much 
more favorably than to propylene. The results of this study showed 
just the opposite. Propylene was the main reaction product. 
Previous work (Riley and Anthony, 1986) on alkane transformation 
over HZSM-5 showed the formation and reactions of carbonium ions on 
the catalysts surface. On strong acid sites, carbonium ions would 
undergo cracking and aromatization reactions forming methane, 
ethane and aromatics. However, the catalysts in this study are weak 
acidic materials, consequently the formation and reactions of 
carbonium ions are less favorable. The mechanisms of propane 

1827 



reaction on these catalysts are hydride abstraction on the 
dispersed metals. Hydride abstraction of propane produces propylene 
and hydrogen. Palladium has relatively strong interactions with 
hydrides and hence shows higher activity, which coincides with the 
experimental results. Beside hydride abstraction, carbonium ion 
formation and reactions, though not as important as that on 
zeolite, also contributes to the reaction. Zirconia supported 
catalysts have stronger acidity than titania supported ones, and 
hence higher amount of light hydrocarbons and aromatics are 
produced. 

The equilibria conversion of propane to propylene at 600 OC is 
about 45%. Some catalysts in this study achieved about 35% to 45% 
conversion. Most catalysts showed high selectivity to propylene 
(about 60%). Therefore, hydrous metal oxides show considerable 
potential for the synthesis of catalysts for propane 
dehydrogenation. 

ACKNOWLEDGEMENTS 
The synthesis of the palladium catalysts by Dr. R.G. Dosch of 

Sandia National Laboratories is very much appreciated. The 
financial support of Texaco, Inc for the Texas A&M Research 
Foundation Project 6448 is also gratefully appreciated. 

REFERENCES 
1. 

2 .  
3. 

4. 

5. 

6 .  

7 .  

8. 

Dosch, R.G., H.P. Stephens, and F.V. Stool, U.S. Patent 
4,511,455, 1985. 
Feng, Z., M.S. Thesis, Texas A&M University, 1991. 
Inui, T., and Okazumi, "Propane Conversion to Aromatic 
Hydrocarbons on PtfH-ZSM-5 Catalysts," Journal of Catalysis, 
90, 366, 1984. 
Kitagawa, H., Y. Sendoda, and Y. Ono, "Transformation of 
Propane into Aromatic Hydrocarbons over ZSM-5 Zeolites," 
Journal of Catalysis, 101, 12, 1986. 
Lehto, J., "Sodium Titanate for Solidification of Radioactive 
Waste - Preparation, Structure and Ion Exchange Properties," 
Academic Dissertation, Department of Radiochemistry, 
University of Helsinki, 1987. 
Riley, M.G., and R.G. Anthony, "Transition-State Selectivity 
in the Cracking of N-Heptane over Modified ZSM-5 Catalysts," 
Journal of Catalysis, 100, 322, 1986. 
Scurrell, M.S., "Factors Affecting the Selectivity of the 
Aromatization of Light Alkanes on Modified ZSM-5 Catalysts," 
Applied Catalysis, 41, 89, 1988. 
Stephens, H.P., R.G. Dosch, and F.V. Stool, "Hydrous Metal 
Oxide Ion Exchangers for Preparation of Catalysts for Direct 
Coal Liquefaction," I&EC Proc. Res. Dev., 24, 15, 1985. 

1828 



I 
I a E 

w c 
3 

30 r 30 - palladium on zirconia 

palladium on silica titania 

palladium on zirconia 

palladium on silica titania 

0 100 200 300 400 500 600 

T (C) 

Figure 1. Ammonia TPD of Catalysts 

1829 
I 



85 

75 

65 

55 

45 

35 
0 10 20 30 40 50 

Conversion (%) 

+ Pd on zirconia A Pd on silica titania 

A Mo on zirconia . Mo and Zr on silica titania 

0 Ni on zirconia 

Figure 2. Propylene Selectivity at Different Levels of Propane Conversion 

1830 



8ol 
60 

40 

20 

0 100 200 

Time on Stream (min) 

A Propylene . ethane + aromatics 

Figure 3. Product Disaibution of Propane Transformation 
for Mo on silica titania 

1831 



n 

$ 
W 

C 
0 

a > 
C 
0 
0 

.- 
I 

4 

80 - 

60 - 

40 - 

20 - 

' O 0 0  
A Pd on zirconia 

0 Mo on zirconia 

A Ni on zirconia 

0 20 40 60 

Time on Stream (min) 

Figure 4. Comparison of Different Active Metals 

I ,  

80 

1832 



H-D EXCHANGE DURING SELECTIVE BENZENE HYDROGENATION TO CYCLOHEXENE 
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J. C. De Deken, P. Alcala, and H. Moreno 
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Keywords: benzene, hydrogenation, H-D exchange 

INTRODUCTION 

Ruthenium catalyzed hydrogenation of benzene to a mixture of cyclohexene and cyclohexane 
has been studied in gas phase (1-4) and slurry phase (5-9) reactions. The highest yields of 
cyclohexene, on the order of 30-40+%, have been observed in a four-phase slurry system 
consisting of a liquid benzene/cyclohexene/cyclohexane phase, an aqueous phase containing 
a dissolved transition metal salt, a solid heterogeneous ruthenium catalyst, and gas phase 
hydrogen. The presence of water and a transition metal promoter are generally required to 
achieve high selectivity to cyclohexene. There has been limited speculation on the role that 
water (1,2,4,8) and other promoters play in enhancing selectivity to cyclohexene. We have 
investigated the hydrogenation of benzene-d, with H, to probe mechanistic aspects of the 
four-phase slurry reaction. We have determined the extent of H-D exchange in the benzene 
feed and analyzed the H-D distributions in the products, cyclohexene and cyclohexane, at 
increasing benzene conversions. 

EXPERIMENTAL 

Benzene-d, hydrogenation was carried out in a 1 liter teflon-lined stirred reactor (Autoclave 
Engineers) at 15OoC and 650 psig total pressure. A supported ruthenium catalyst (10) was 
reduced at 400°C in flowing hydrogen; a sample of the reduced catalyst was suspended in 
150 cc of an aqueous solution of cobalt sulfate at 150°C in the teflon-lined reactor. Benzene- 
d, (250 cc) was preheated to 150°C and charged to the reactor. The total pressure was 
adjusted to 650 psig and maintained at 650 psig during hydrogenation. The reactor was 
sampled periodically and the organic phase composition determined by standard gas 
chromatographic methods. The H-D ratios and distributions in the organic components were 
determined by GC/MS. 

RESULTS 

Hydroaenation - Cyclohexene yield and selectivity vs. conversion are shown in Figure 1. Full 
conversion was reached after 100 minutes. 

H-D Exchanae in Benzene-d, - Less than 5% of the deuterium in benzene-d, was exchanged 
after 75 minutes (887'0 conversion). While the amount of hydrogen incorporated into the feed 
was very low, the amount increased as residence time in the reactor increased. The net 
make of benzene-h, increased from 0.2% after 11 minutes to 0.9% after 75 minutes. 
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H/D Ratios in Cyclohexane and Cvclohexene - The H/D ratios in the products, cyclohexane 
and cyclohexene, were determined at increasing benzene conversions by deconvolution and 
integration of the MS signals of the individual components. The ratios are shown in Table 1. 
We estimate that the error in these ratios is less than 5%. The expected ratios are 1.0 and 
0.67 for cyclohexane (C,H,D,) and cyclohexene (C,H,D,), respectively, if one assumes no 
hydrogen incorporation by H-D exchange from H, or H,O. 

H-D Distributions in Cvclohexane and Cvclohexene - The distributions of H and D in 
cyclohexane and cyclohexene were determined by deconvolution of the GC/MS signals. The 
major products were C,H,D, and C6H,D,; however there was significant scrambling of H and 
D giving the isotopic distributions shown in Figures 2 and 3. 

DISCUSSION 

Hydrogenation of benzene-d, was zero-order in benzene-d, up to 95% conversion; this is 
consistent with saturation of the catalytic sites with benzene-de We were surprised to find 
no significant H-D exchange in the benzene-d, feed. This observation has two implications. 
First, it is unlikely that benzene adsorbs dissociatively. And second, cyclohexene 
disproportionation to benzene/cyclohexane does not occur to any measurable extent. 

The data in Table 1 show that no H-D exchange occurred during hydrogenation of benzene-d, 
to cyclohexene and cyclohexane. However, the isotopic distributions in cyclohexane and 
cyclohexene (Figures 2 and 3) show that considerable intermolecular H-D exchange occurs 
with conservation of deuterium. The exchange of H and D between cyclohexene molecules 
to give the distributions observed supports the view that cyclohexene must adsorb and desorb 
numerous times so that the molecules can present both sides of the-ring to the surface 
randomly. We believe that the key intermediate for the scrambling reaction is cyclohexene 
dissociatively adsorbed at the allylic position. As the reaction time in the reactor increases, 
the average residence time of the cyclohexene increases (it is continuously produced from 
benzene and continuously disappears as cyclohexane; thus, the residence time distribution 
of the cyclohexene molecules broadens as reaction time increases) and this results in 
increased scrambling with time as shown by the broadening of the distributions for 
cyclohexene in Figure 3. The less pronounced broadening of the cyclohexane distribution 
with time is consistent with little or no intermolecular exchange for the fully hydrogenated 
product; this is consistent with adsorption of cyclohexane being very weak relative to the 
adsorption strengths of benzene and cyclohexene. 

The lack of a net hydrogen (H) incorporation into cyclohexene (or cyclohexane) is very 
surprising in view of the rampant scrambling that occurs. We believe that this is conclusive 
evidence supporting the view that the catalyst surface is hydrogen "starved despite the very 
high hydrogenation rate (turnover frequency on the order of 10 sed' per exposed ruthenium 
site). 
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TABLE 1. H/D Ratios in Cvclohexane and Cvclohexene 

Reaction Time. min H/D, Cvclohexane H/D. Cvclohexene 

11 
30 
45 
60 
75 

0.94 

0.97 
0.98 

0.98 
0.98 

0.71 
0.65 
0.66 

0.71 
0.68 

70 

M -  

40- - Selectivity 

0 20 4 0  60 80 1 

Benzene Ganvenlon 

0 

FIGURE 1. Cyclohexene selectivity and yield vs. benzene conversion. Note that the only 
products were cyclohexene and cyclohexane. The times noted correspond to the samples 
analyzed for HID ratios and distributions. 
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Catalyst Selectivity in Hydrocarbon Reactions: Ethylene on RdSi02  and M-RdSi02 

and B.C. GERSTEINP 

OAmes Laboratory, USDOE, and Departments of khemical Engineering, and YChemislry. 
Iowa State University. Ames. IA 5001 1 

M. PRUSKP. D.K. smms8q. x. wb, s.-J. HWANGP, T. s.  KING^, 

The nuclear spin dynamics of 'H in adsorbed hydrogen, and 13C in adsorbed 
ethylene on Ru/Si02 and M-Ru/Si02 (M=Cu.Ag or Au) catalysts are used lo 
probe surface concentrations of Ru and M, reactive intermediates. and selectivity 
in hydrocarbon conversion reactions. The temperature and exposure de ndence 

techniques. as  well as via 'H multiple quantum coherence. Comparisons 
between monometallic and bimetallic catalysts are made. 

of ethylene reaction on Ru/Si02 is investigated via various lp" C NMR 

lntroduc lion. 
Solid state NMR is becoming an increasingly important tool in the study of heterogeneous 

catalysis. The ability lo directly study phenomena on the surfaces of diswrsed metal particles is 
one advantage offered by NMR. This is contrasted with mainstay ultrahigh vacuum techniques 
requiring single cryslal sufaces, which may not always be good models for real catalysts. The 
objective of this paper is to demonstrate the application of several solid state NhfR techniques to 
study the fundamental processes associated with hydrocarbon conversion over supported 
bimetallic catalysts. To this end, the interaction of hydrogen with M-Ru/SiO2 (M=Cu.Ag or Au) 
is used to probe catalyst surface composition. An investigation of ethylene reaction on mono- 
and bimetallic camlysts at various temperatures, exposures and M composition is presented. 

Experimental. 
Catalyst samples were prepared as described previously.' s2 'H NMR was performed on a 

220 MHz homebuilt spectrometer. equipped with an 8-bit digital hase Multiple 
quantum coherence was developed using a single quantum propagator.% 13C NMR experiments 
were carried out on another homebuilt spectrometer operating at 100.06 MHz for 'H and 25.16 
MHz for 13C. Transient techniques included cross polarization (CP) and direct excitation (Bloch 
decay), both of which were done with and without magic angle spinning (MAS) and proton 
decoupling. Special procedures were developed for low temperature (85-300K) experiments 
whereby samples were prepared. sealed, transferred to the spectrometer, and measured using 
CP/MAS without rise in temperature at any time? 

Results and Discussion. 
NMR of Adsorbed Hydrogen: Establishing the Surface Composition of Bimetallic Catalysts 
Studies on Cu-RdSiO, have shown that, at room IemDerature. hvdroeen undergoes fast 

L. . -  I 

exchange between the two metals such that Ihe observed lineshift. 6,,hp, may be expressed as: 
xRu6Ru,+ %u6Cu u' 

where Xi is the surface concentration of metal I, qu and emu are the lineshifts for hydrogen 
chemisorbed_on Ru/SiO? and the asymptotic limit as Xr,, approaches unity in Cu-Ru/SiO,. 

Thus. thesurface composition of the bimetzfiic catalyst can be obtained from 'k 
spectra (Fig. 1). 
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F&J. NMR of adsorbed hydrogen on Cu-Ru/SiOZ as a function of Cu concentration. The first 
moment of the upfield peak establishes the surface conceneation of Ru. 

Peak shifts in Fig. 1 demonstrate that XRu decreases quickly as the total Cu concentration 
increases from 0 to 20 at.%. before levelling off at ca. 35 at.%, and approaches zero at ca. 80 
at.%. where complete masking of Ru is concluded. These trends suggest that Cu forms a thin 
monoalomic layer on Ru particles, until near complete coverage, after which 3-d Cu islands 
and/or pure particles begin to form, as evidenced by the emergence of a downfeld peak indicative 
of hydrogen chemisorbed on bulk Cu (cf. Figure 1). Hydrogen uptake and 'H N M R  studies on 
Ag-Ru/Si02 and Au-Ru/SiOZ indicate a higher tendency for these metals to form three 
dimensional aggregales2 

NMR of Adsorbed Ethylene: Weaklv and Strongly Adsorbed Intermediates and Products 
Ethylene on Ru/Si02 
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Transient NMR techniques were used to probe the development of intermediates and 

(i) 
(ti) 

(ui) 

products as 13C-labelled ethylene reacted over Ru/SiO2 to establish: 
concentrations of weakly and strongly adsorbed species @loch decay), 
possible identities of strongly adsorbed intermediates (Bloch decay, CP/MAS. 
dipolar dephasing), and 
identities of weakly adsorbed products (liquid stale NMR techniques). 

Intensity measurements indicated that no significant amounts of I3C nuclei remain undetected in 
the Bloch decay studies. Assignments of weakly adsorbed species could be made unambiguously 
based on chemical shifts. relative intensities of the various peaks, and, in some cases, J-splittings. 
These experiments were performed at a high magnetic field (300 MHz). using slow M A S  lo 
remove broadening due to magnetic susceptibility. The identification of strongly adsorbed 
species based solely on NMR shifts is not straightforward. Although MAS can remove the effect 
of anisotropies of chemical shift, Knight shift. and magnetic susceptibility. considerable line 
broadening often remains due to the distribution of sites across the metal panicles. The extent10 
which isotropic Knight shifu affect the identification of I3C resonances of hydrocarbon species 
on highly dispersed, supported Ru is debatable. Dipolar dephasing and multiple quantum NMR 
were also used lo probe possible identities of the strongly adsorbed species. 

Selectivity and product distributions are strong functions of temperature and surface 
coverage. Fig. 2 shows an example of the temperature dependence of I3C CP/MAS spectra of 
ethylene dosed on Ru/Si02 at 78K. The exposures ( E )  were 0.5 and 1.5 ethylene molecules per 
surface Ru atom, and spectra were accumulated at SSK, at 185 K after reaction at that temperature 
for 2 days, and at 300 K after reaction at 300 K for 1 day7 

I . . . . . . !  I i ,m I.. . -3.. .m .I 
m rnw 1 1  

I Im I" . -3- -- 
"I r.(* Ym 

m. NMR of I3C in ethylene adsorbed on Ru/Si02 as a function of exposure (E = 0.5 and 1.5). 
and temperature (85KST5300K). 
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Both exposures give similar spectra at 85K. Peaks are assigned to weakly and strongly 
adsorbed ethylene, the strongly adsorbed species being either K, or di-a bonded to the metal 
surface. To distinguish between the x and di-o bound species bond length measurements may be 
performed using the homonuclear dipolar coupling between 'k nuclei. This work is in progress. 

At 185K and E = 0.5. only ethane is observed in the weakly adsorbed layer. Changes in the 
spectrum also suggest a strongly bound C2H2 species in addition to the strongly bound C2Hq 
For E = 1.5, the increase in temperature leads to the development of weakly bound cis- and trans- 
butenes. 

At 300K. for E = 0.5. broad peaks are observed at ca. 185 and 10 ppm, which are tentatively 
assigned to h e  +C- and -CH3 carbons of ethylidyne. although experiments are underway to 
funher investigate this assignment. At E = 1.5, the weakly adsorbed species were identified as 
ethane, butenes, and butane. Surface attached alkyl groups and acetylide are inferred to be 
present in the strongly bound layer.' 

E-5. weaklv adsorbed 

130 K 

ethylene 

300 K 
ethylene 

c.t-butenes 

370 K 
ethane 

c,t-butenes 

butane 

470 K 
methane 

u. ' 3C CP/MAS NMR of 
ethylene adsorbed on Ru/Si02 
( E  = 5 )  a s  a f u n c t i o n  o f  
temperature. 

I 

\ 

I842 



5 

only ethylene is observed. When the temperature is raised lo 300K. cis- and trans- butenes are 
formed. Butadiene is observed as a lransient during this temperature rise. Increasing temperawe 
to 370K results in the formation of ethane and butane. At 470K only the fully hydrogenated 
products. methane, ethane and butane, are observed. The appearance of methane indicates that C- 
C bond cleavage has already occurred at or below 470K. 

As a means of further establishing identities of the strongly adsorbed species, multiple 
quantum spin counting was used4 Under the conditions imposed in this experiment for the 
development of multiple quantum coherence, the number of coupled spins is km, + 1, where 
h u g s  the highest order of observed coherence. The silanol protons of the support, separated by 
ca. 4A. only develop double quantum coherence in a period sufficient to see k > 8 for the 
infiiitely coupled ensemble of spins in adamantane. Fig. 4 shows the multiple quantum specvUm 
of the strongly adsorbed species resulting from ethylene adsorption on RuISi02. kmax sharply 
cuts off at a value of 5,  indicating that species with no more than 6 sbongly coupled protons are 
present in the sample. One possible candidate for the fragment with 6 coupled protons is 
metallocyclic (Ru)CH2CH=CHCH2(Ru). which may be a participant in the formation of butenes. 
Small concenbations of lhis species cannot be excluded on the basis of I3C NMR data. 

wLnpu-wuTuu NLWIR I 

w. Multiple quantum spectrum of strongly bound species from reaction of ethylene with 
Ru/SiO? 

Ethylene on M-Ru/Si02 
Unlike the extensive reaction of ethylene on Ru/SiO2 no reaction is observed on Cu/Si02 at 

300K. The bimetallic Cu-Ru/Si02 differs from the monometallic Ru/Si02 in that the ability of 
the catalyst to produce hydrogenated products is reduced. At room temperature. the intermediate. 
butadiene, is stabilized in the bimetallic system.' This is evidenced by Fig. 5 .  which shows the 
C P m S  spectrum of 13C in ethylene adsorbed on a I5 at. $5 Cu bimetallic catalyst. 

Cu and Ru are known to be immiscible in the bulk9 Monte-Carlo simulations'O indicate 
Cu-Ru bimetallic particles to be polyhedra in which the Cu selectively populates high 
coordination edge and comer sites, and then forms islands on the particle faces as Cu content 
increases. The equilibrium structure for a Cu-Ru particle with 15 at.% Cu, as predicted by Monte 
Carlo simulations, is shown in Fig. 5. It is therefore postulated that the selectivity towards highly 
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hydrogenated products is affected by the availability of edge and corner Ru sites. which become 
blocked by the adsorption of Cu 

IO -100 -200 -, 0 .  400 300 200 I00 

PPM FROM TMS 

m. NMR of 13C adsorbed on Cu-Ru/Si02 at room temperalure. Total metal loading = 4%, 
Cu = 15% of total metal. 

Ethylene reaction on Ag-Ru/Si02 shows reduced hydrogenation2 as compared to Ru/SiO2, 
but not as much as for Cu-Ru/Si02 Although Ag tends to aggregate on Ag-Ru/Si02. this result 
suggests that it does block edge and defect-like sites to some extent, consistent with Monte Carlo 
simulations of Ag-Ru p a r t i ~ 1 e s . l ~  Prelimiary 13C data on Au-Ru/SiOz indicate that the 
hydrogenation capability is also reduced. This is a surprising result, since, of the three metals 
studied, Au has the least tendency to efficiently cover the Ru surface. 

Conclusions. 
Product distributions, reaction intermediates, and surface metal concentrations are very 

important clues in understanding the mechanistic details of heterogeneous catalytic reactions. 
This paper demonstrates the wealth of information available via solid state NMR, illustrated by 
the study of ethylene reaction on mono and bimetallic catalysts. On R d S i 0 2 .  this reaction is a 
complex function of both temperature and exposure. For example, the evolution of weakly 
adsorbed C4 species is observed only at higher exposures, whereas the strongly bound species 
tentatively identified as ethylidyne is only observed at low exposures. Hydrogenation reaction is 
extensive on Ru/Si02. The  addition of Cu. Ag or Au to the catalyst generally reduces 
hydrogenation activity. presumably by the blockage of catalytically active edge and comer sites. 

Acknowledprement. This work is supported by the U. S. Department of Energy. Office of Basic 
Energy Sciences, Contract Number W-7405-ENG-82. 
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SELECTIVE PARTIAL OXIDATION OF METHANE BY 
CATALYTIC SUPERCRITICAL WATER OXIDATION 

Catherine N. Dixon and Martin A. Abraham 
Department of Chemical En ineering 
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Tulsa, Oklahoma 74104 

ABSTRACT 

The product spectrum obtained from catalytic partial oxidation in 
supercritical water has been compared to that obtained from catalytic 
oxidation in the gas phase. The presence of supercritical water inhibits the 
methane conversion but promotes the yield of methanol. The effect of 
oxygen concentration on the reaction in supercritical water has also been 
considered. High oxygen concentrations apparently inhibit the 
conversion reaction and decrease the yield of methanol. These results are 
considered in terms of consistent reaction pathways. 

Keywords: Methane, Partial Oxidation, Supercritical Water 

INTRODUCTION 

Abundant supplies of natural gas exist within the United States. Methane, the major 
component of natural gas, is useful primarily as a fuel and, because it is difficult to 
transport, primarily at the wellhead. Partial oxidation to methanol or formaldehyde, or 
oxidative coupling to ethylene or other higher hydrocarbons, would greatly enhance 
the usability of methane both as a fuel source and as a raw material. Unfortunately, it is 
easier to convert partial oxidation products such as methanol to complete oxidation 
products than it is to form the partial oxidation products in the first place. 

Research has centered on the identification of a selective catalyst which will provide 
high selectivity to partial oxidation products. Limited success has been obtained using 
selected metal-oxide catalysts, namely MOO3 and Cr203 [Pitchai & Klier, 19861. 
However, in these cases low conversion must be maintained so that the desired 
methanol product is not further converted to undesired complete oxidation products. 
The complete oxidation products, CO and CO,, have little economic value. Low 
oxygen concentrations also have been used to increase the selectivity to partial 
oxidation products. Reports also indicate that, independent of the catalyst, the addition 
of water decreased the rate of methane conversion but increased the selectivity to 
methanol [Pitchai & Klier, 19861. 

The use of supercritical water as a reaction solvent has previously been shown to alter 
the reaction pathways and thereby the product spectrum. Kinetic studies for the 
thermal oxidation of carbon monoxide, ammonia, and ethanol in supercritical water 
[Helling & Tester, 1987; Helling & Tester, 19881 revealed that secondary reaction 
pathways can be created through the addition of the supercritical fluid. Thermal 
oxidations of methane and methanol were accomplished in supercritical water [Rofer & 

\ 
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Streit, 19891 and a mechanism, modified from the gas-phase free radical mechanism, 
approximately described the kinetics. Extrapolation of the kinetics obtained from these 
experiments reveals that high methanol yields should be obtained from thermal 
oxidation in supercritical water [Dixon & Abraham, 19911. 

Several investigators have also demonstrated that the addition of a supercritical fluid in 
a catalyzed reaction can influence the mechanism through which conversion is 
obtained. In one particular effort of interest, Dooley & Knopf [19871 selectively 
converted toluene to benzaldehyde through oxidation over CoO/A1203 in supercritical 
CO,. In the oxidation of cumene hydroperoxide, Suppes & McHugh [19891 have shown 
that the addition of the catalyst can promote specific steps in a free-radical mechanism 
relative to others, which led to an observed change in the product selectivity. 

Within the current paper, we present evidence to indicate that oxidation of methane in 
the presence of supercritical water can be used to promote the formation of the desired 
partial oxidation product, methanol. Gas phase catalytic oxidation is compared with 
catalytic oxidation in supercritical water, in terms of both methane conversion and 
methanol yield. Secondly, the influence of oxygen concentration on the conversion and 
methanol yield is considered. 

EXPERIMENTAL 

Batch reactions were used to determine the influence of supercritical water on the 
product spectrum of catalytic oxidation of methane. All reactions were carried out in 
separate 1.26 mL batch reactors, which have been described in detail elsewhere [Jin & 
Abraham, 19901. Each reactor was loaded at room temperature with 0.8 mg of Cr203 
catalyst [Aldrich Chemical]. For the reactions with supercritical water, 0.4 g deionized 
water was also added to the reactor. After the reactors were sealed, oxygen, methane, 
and nitrogen were added to the reactor in the desired proportions to a total pressure of 
51.7 bar; for the high oxygen concentration study, a gas mixture containing 1.83% 
methane, 18.4% 0, and the balance nitrogen [Scott Specialty Gases] was used. All 
materials were commercially available and used as received. 

After loading, the reactors were placed into a high temperature fluidized sandbath 
(Tecam SBL-2), which had been pre-heated to the desired temperature. After the 
desired reaction time, the reactor was quenched by placing it into a cold water bath. 
Insertion into the sandbath and into the cold water bath corresponded to zero and the 
measured reaction time, respectively. Each experiment was repeated at least twice and 
the resulting values averaged to obtain the reported data. Heatup time for these 
reactors was approximately 1 minute, short compared to ultimate reaction times of up 
to 40 minutes. 

The small reactor size, combined with the high temperature and pressure at the reaction 
conditions made measurement of the actual reaction pressure unfeasible. However, it 
was possible to estimate the actual pressure of the gas phase reaction using the 
assumption of the ideal gas law; this provided an estimate of the pressure as 118.8 bar. 
For the reactions in supercritical water, the actual pressure at the reaction temperature 
of 400 T was greater than the gas phase reactions. Steam tables could be used to 
estimate the partial pressure of water at the reaction conditions as 325 bar, and then 
assuming Dalton's Law allows estimation of the total pressure as 444 bar. 
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Product analysis was accomplished by gas chromatography. For the gas analysis, an 
Hewlett Packard 5840 gas chromatograph with gas sampling valve, 30 ft Hayesep DB 
packed column, and thermal conductivity detector, was used in temperature 
programmed mode. Liquid analysis was accomplished with the HP 5840 instrument, 
using capillary column injection, 10 m DE5 capillary column, and flame ionization 
detector. In both cases, product identification was accomplished by injection of pure 
component samples of the suspected material. Quantification was accomplished by 
comparison of peak areas with that of a standard, calibrated by injection of known 
amounts of materials. Inert nitrogen introduced with oxygen as air was the standard 
for the gas phase products while added naphthalene was used as a liquid phase 
standard. 

RESULTS AND DISCUSSION 

The conversion of methane is reported as a function of time in Figure 1, in which the 
gas phase conversion is compared directly with catalytic oxidation in supercritical 
water. Conversion increased monotonically with time in both cases. For the gas phase 
catalysis, approximately 0.6 conversion was achieved at 40 minutes, compared with 
approximately 0.3 conversion for the supercritical water case. At any given reaction 
time, the conversion achieved from gas phase catalysis was approximately twice that 
obtained from the reaction in supercritical water. 

Experiments were accomplished at 400 T and initial concentrations of oxygen and 
methane of 6.32 mol/L and 0.627 mol/L, respectively. The stoichiometry of the 
complete combustion reaction 

CH4+202+CO2+2H20 (1) 

indicates that only 2 moles of oxygen are required for complete conversion of methane 
to CO2 and water. Thus, initial experiments were accomplished with greater than 500% 
excess of oxygen and should be well-represented by assuming that the kinetics are 
independent of oxygen concentration. Pseudo-first order kinetics for methane 
conversion provides 

dx/dt = k (I-X) (2) 

which upon integration reveals 

x = 1 - exp (-kt) (3) 

Best fit analysis of the data of Figure 1 in terms of equation 3 provides estimated values 
of the rate constants as 0.0233 min'l and 0.0115 min-l for gas and supercritical water 
phase reaction, respectively. The solid lines in Figure 1 represent the predictions of the 
first order approximation and indicate the quality of the fit of the data. 

Methanol yield is compared for the two cases in Figure 2. Essentially no methanol was 
observed for the gas phase catalysis at any reaction time. For the case of oxidation in 
supercritical water, the methanol yield ( Y M ~ H  = CM&H/CCH4O) was also low, 
however, a maximum of approximately 0.7% yield was obtained a't 5 minutes. The 
concentration decreased at longer reaction times, owing to subsequent conversion of 
methanol to complete combustion products CO2 and water. Although the oxygen 
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concentration was in substantial excess, thereby favoring the production of total 
oxidation products, the yield of methanol was increased by more than one order of 
magnitude through the presence of the water. The lines in Figure 2 do not represent 
kinetics predictions but are used to more clearly indicate the trends in the data. 

The presence of supercritical water serves to inhibit the initial conversion of methane, as 
evidenced by the data of Figure 1. This may occur by inhibiting adsorption of either 
methane or oxygen (or both), thereby decreasing the available concentration of the 
reactants. Alternatively, water may compete with the reactants for catalytic sites, or 
may poison some sites, limiting the effectiveness of the catalyst. It is not clear, however, 
what effect the water has on the reaction of methanol to COz and water. Certainly, the 
presence of water promotes the formation of methanol, as indicated in Figure 2. From 
this observation, it would be suspected that the presence of water inhibits conversion of 
methanol to COz and water, as well. The mechanism of this inhibition, while not 
determined within this study, could be attributed to the same factors used in 
understanding the inhibition of the methane conversion reaction. 

Initial experiments were accomplished at high oxygen concentration, which would be 
expected to promote methane conversion but inhibit the formation of methanol. 
Several experiments were then accomplished to determine the effect of oxygen 
concentration on methane conversion and methanol yield. In these cases, the molar 
ratio of oxygen to methane is indicated in terms of the initial loading in the reactor, 8 = 
Co2/CcHI Based on this definition and the stoichiometry of equation 1, 0 = 2 would 
correspond to stoichiometric oxygen. 

Figure 3 reveals the effect of oxygen concentration on the methane conversion. At very 
low oxygen concentration, 0 = 0.071, conversion increased to approximately 0.1 after 5 
minutes, and then remained steady at longer reaction times. In this case, the maximum 
conversion based on the stoichiometry and the oxygen loading should be 
approximately 0.035. However, if only methanol is produced, the reaction 
stoichiometry is 

(4) 

and, given the oxygen loading, 0.14 conversion could be expected. Thus, it was likely 
that this low oxygen concentration reaction was oxygen-limited. 

For oxygen concentration 0.6 < 0 < 0.8, conversion increased steadily with reaction time, 
reaching approximately 0.25 conversion at 20 minutes. Little discrimination in 
conversion could be observed between the 3 experimental runs attempted within this 
concentration range. The high oxygen concentration data is repeated from Figure 1 for 
comparison purposes and reveals that conversion was slightly lower at e = 8.72 than at 
the lower concentration conditions. Although this was not expected, it is possible that 
the high concentration of oxygen inhibited methane conversion by preferential 
adsorption of oxygen onto the catalytic sites. 

The effect of oxygen concentration on the yield of methanol is indicated in Figure 4. In 
all cases, a maximum in methanol yield was observed at a reasonable short reaction 
time. The highest yield was observed for 8 = 0.071, with a maximum yield of 
approximately 0.035 at 10 minutes. Considering that methane conversion was only 0.12 
at this reaction time, the selectivity to methanol (s = y/x) was approximately 30%. As 

CH4 + 1 /2 0 2  --+ CH3OH 
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the oxygen concentration was increased, the maximum yield of methanol decreased. 
For the intermediate range of oxygen, 0.6 < 8 < 0.8, the maximum yield was 
approximately 0.015 at 15 minutes, and the maximum methanol yield was 0.005 for the 
high oxygen concentration case. 

These observations for methanol yield are consistent with a series of reaction pathways 
described by equation 4 above followed by further reaction of methanol to CO, and 
water, 

(5) CH30H + 3/202+ COz + 2 H20 

From Figure 4, this reaction is likely to be dependent upon the oxygen concentration, 
with higher concentrations of oxygen promoting methanol conversion. The data of 
Figure 3 suggests that the initial conversion of methane to methanol is essentially 
independent of oxygen concentration, although at high concentration, oxygen 
apparently inhibits the initial conversion. Under all conditions, reaction 5 is more facile 
than is reaction 4, leading to low methanol yield in all cases. However, the yield of 
methanol is greater in all cases where supercritical water was present than when the 
reaction was accomplished within the gas phase. 

CONCLUSIONS 

Methane oxidation was inhibited by the presence of supercritical water, with the rate of 
reaction being approximately one-half of that observed for gas phase oxidation. CO, 
and water were always the primary products of the reaction, but methanol was formed 
as an intermediate in low to moderate yield. The presence of supercritical water 
increased the yield and selectivity of methanol by approximately one order of 
magnitude compared to reaction in the gas phase. Little effect of increasing oxygen 
concentration was observed on the methane conversion reaction occurring within 
supercritical water, although inhibition was observed at very high oxygen 
concentration. At all oxygen concentrations, increasing oxygen led to a decrease in the 
maximum yield of methanol. 
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Figure 3: Influence of oxygen concentration on the temporal variation of methane 
conversion during catalytic oxidation in supercritical at 400 ‘C. 
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Figure 4: Influence of oxygen concentration on the temporal variation of methanol yield 
during catalytic oxidation of methane in supercritical at 400 T. 
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abstract 

The HDM reactions of nickel-tetraphenylporphin (Ni-TPP) and vanadyl-tetraphenylporphin (VO- 
TPP) over sulfided V/y-AI,O, catalysts have been studied in the liquid phase. Kinetic analysis 
revealed that both Ni-TPP and VO-TPP are demetallised through a reversible sequential 
mechanism via hydrogenated intermediate porphinic compounds. For the hydrogenation of the 
porphins a single site model, in which atomic hydrogen and porphins are adsorbed on the same 
type of sites, applies with a Langmuir-Hinshelwood type of kinetics for hydrogen. Hydrogenolpis 
is achieved on a different type of sites. 
The HDM reactions of both Ni-TPP and VO-TPP are structure sensitive: increasing the vanadium 
loading of the catalysts initially results in an increased hydrogenation activity. The presence of 
crystalline materials on the catalysts suppresses the hydrogenation activity of the catalysts. 
Hydrogenolysis is not influenced by the presence of clystalline material but decreases almost 
linearly with increasing vanadium loading of the catalysts. 

Introduction 

Today's oil refining is facing major changes. The world's supplies of relatively easily refinable 
petroleum are decreasing whereas demands for clean refinery products (e.g. transportation fuels) 
are increasing. As a consequence, ever increasing quantities of low quality crude oils have to  be 
processed, resulting in vast amounts of economically invaluable residual oils. The alternative which 
is rapidly becoming more important is to upgrade the residual oils into the desired products 
composition, In doing this, not only the C/H ratio of the feed has to be improved but a more 
thorough removal of hetero-atoms (sulfur, nitrogen and metal compounds) has to be achieved as 
well in order to protect 'down-stream' catalysts from rapid deactivation and to meet with stricter 
environmental legislations. 
Unlike HDS and HDN, hydrodemetallisation (HDM) generates deposits of metal sulfides (mainly 
nickel and vanadium sulfides) on the catalysts, leading to an alteration of selectivity and eventually 
to an  irreversible deactivation of the catalysts. Furthermore, the metallic cqnstituems of petroleum 
tend to concentrate in the heavy fractions which makes the upgrading of residual oils even more 
cumbersome. In the improvement of existing processes and the development of new processes, 
kinetic data are highly desirable. Also the development of new types of catalysts with improved 
selectivity toward demetallisation as well as large metal storage capacity is to a large extent based 
on kinetics. 
The objective of the current investigation is to relate structural aspects and sulfiding behavior of 
y-A120, supported vanadium catalysts to their activity and selectivity in the HDM of model metal 
cornpouds. 

Experimental 

1) Cntnlysts. 
A listing of  the catalysts applied in this study is given in table 1. All catalysts were prepared by 

I pore vohme impregnation of a wide-pore, high purity y-A1203 support (RhBne-Poulenc SCM 
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99XL, specific surface area 156 m2/g, pore volume 1.2*106 m3/g and mean pore radius 13 nm). 
75-150 pm particles were used. Further details on the preparation of the catalysts are given 
elsewhere [l]. 

Table 1. Cntnlysts npplied 

entnlyst vonndium loading 
wtk v atoms V/nm2 

V(0.9)/A1203 1.25 0.94 
V(1.4)/A1203 1.79 1.3.5 
V(1.8)/AI203 2.33 1.77 
V(3.0)/AI2O3 3.93 2.98 ’ 

Prior to the activity measurements, the catalysts were sulfided at 673 K i n  a gas mixture consisting 
of 15 vol% H,S in H, (total flow rate: 13.67 pmol/s). The sulfiding mechanism of the catalysts 
is discussed in detail elsewhere [2]. The sulfiding procedure was as follows: 
- Purging with Ar at 293 K to remove air. 
- Isothermal sulfiding at 293 K i n  H2S/H2 for 1.8 ks. 
- Temperature programmed heating (0.167 Ws) in H2S/H2 to 673 K. 
- Isothermal sulfiding at 673 K in H,S/H, for 7.2 ks. 
~ Purging with Ar at 673 K for 1.8 ks. 
- Cooling down to 293 K in Ar. 

2) HDM-activity measurements. 
Vanadyl-meso-Tetraphenylporphin (VO-TPP) and Nickel-meso-Tetraphenylporphin (Ni-TPP) 
were ,used as model metal compounds. The HDM-activity measurements were performed in the 
liquid phase. The solvent employed in this study was o-Xylene (Janssen Chimica, p.a. grade). 
Because of the poor solubility of the model compounds at room temperature and their reactivity 
towards oxygen a t  elevated temperatures [3], they were dissolved under argon in refluxing o- 
Xylene for 7.2 ks. The porphin solutions thus obtained contained approximately 0.3 mol/m3 VO- 
TPP or Ni-TPP and were stored under Ar or used immediately. 

HDM-activity measurements of the presulfided catalysts were performed in a 2*104 m3 stirred 
batch autoclave. The reactor was equipped with a sampling device from which samples were taken 
at regular intervals. After thoroughly purging the autoclave with argon, about 100 g of model 
compound solution was loaded into the reactor. The reactor was then evacuated and 
approximately 0.1 g of catalyst was introduced from a catalyst loader that had been mounted on 
the reactor to prevent the presulfided catalyst from contact with air. After purging with H2 and 
subsequent evacuation the reactor was pressurised to approximately 0.3 MPa with a gas mixture 
containing 15 vol% H,S in H,. The H,S/H, mixture was used as received. The reactor was further 
pressurised to 3 MPa with H, (99.9 %) which had been prepurified to remove traces of oxygen 
and water. After completing the loading and pressurising, the autoclave was closed and heated 
to 573 K while stirring its contents. 
With each metalporphin, six runs were carried out at 573 K. In four of these runs the vanadium 
loading of the catalysts was varied while the liquid phase concentration of hydrogen was kept 
constant. The effect of the liquid phase concentration of hydrogen at 573 K was evaluated in 
three runs with the V(1.8)/Al,03 catalyst. An overview of the HDM experiments with Ni-TF’P 
and VO-TPP is given in table 2. 
i n  each run 8-10 liquid samples of approximately 0.5 g were taken at various reaction times from 
the sampling port and analysed immediately with a Philips PU 8725 rapid scanning WMS 
spectrophotometer. Porphins and metalloporphins are known to have distinct and intense 
absorption maxima in the visible range. The concentrations of the porphins and their 
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hydrogenated intermediates were calculated from the W N I S  spectra by applying Beer’s law. The 
specific absorptions of each compound were corrected for overlap with other absorption bands 
in the spectra. 

Tubk 2. Overview of HDM experiments with Ni-TPP and VO-TPP over sulfided V/y-AI,O, 
cntnlysts 

Ni-TPP 

cotolyst N o  IH21 

V(0.9)/A120j Ni-1 365.50 
V(1.4)/A1203 Ni-2 388.78 
V(1.8)/A1203 Ni-31 255.87 
V(1.8)/N203 Ni-32 381.02 
V(1.8)/N203 Ni-33 536.45 
V(3.0)/A1203 Ni-4 400.43 

LH2Sl 

13.17 
13.51 
13.81 
13.40 
13.32 
13.68 

v o - T P P  

N n  11121 II i2SI 
(mo~m3) 

v-1 3%.55 13.63 
v-2 381.02 13.40 
V-31 216.30 13.39 
V-32 404.31 13.73 
V-33 532.57 13.28 
V-4 392.67 13.57 

In order to check for the presence in the liquid samples of metal compounds not detected by 
UVWIS spectrometry, the total metal content of several samples was determined by Graphite 
Furnace Atomic Absorption Spectrometry (GFAAS, Pcrkin-Elmer HGA 500/560). 
The actual concentrations of H2 and H2S at reaclion conditions were calculated with the Peng- 
Robinson equation of state. Binary interaction parameters for H, and o-Xylene were obtained 
from literature [4]. Interaction parameters for H2-H2S and for H2S-Xylene were set to zero. Also 
the density of the liquid phase at the reaction conditions was calculated with the Peng-Robinson 
equation of state. This made accurate calculation of the concentration of model compounds at 
these conditions possible. 

3) Kinetic analysis. 
Intrinsic kinetic parameters were obtained by evaluation of the concentration versus time curves 
with a non-linear regression programme (NU).  The objective function, defined as the sum of 
squares of deviations (residuals) between experimental and calculated concentrations, was 
minimised by using a combination of the Simplex and Levenberg-Marquardt methods. 
With the NLS programme, several reaction mechanisms were tested. A fourth order Runge-Kutta 
method was used to numerically solve the sets of coupled differential equations for each kinetic 
model. Zero reaction time was taken at the moment the desired reaction temperature was 
reachcd. During the heating of the reactor and its contents some conversion of the reactants 
already occurred. In order to overcome this problem, concentrations of reactants and 
intermediates in the sample taken at zero reaction time were used as the initial concentrations 
in the kinetic analysis of the experiments. 

Results 

Typical concentration versus reaction time plots for HDM experiments with Ni-TPP and VO-TpP 
at 573 K are shown in figures 1 (run Ni-32) and 2 (run V-32). The experimentally obtained 
concentrations of reactants and hydrogenated intermediates are represented by markers. Solid 
lincs represent calculated concentrations. 

Ni-TPP has been shown to demetallise through a reversible sequential mechanism via the 
hykogenated intermediate species Ni-TPC and Ni-TPiB [5-71. In anology with Ni-TpP, VO-TPP 
appears to demetallise through a similar sequential mechanism. The concentration of VO-TPP 
as 3 function of reaction time rapidly drops while the concentrations of VO-TPC and VO-TPiB 
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build up and then, after reaching a maximum, slowly decline indicating that these hydrogenated 
species are rather stable intermediates in the course of the HDM reaction of VO-TF'P. No other 
vanadium containing species and metal-free porphins were detected in the liquid samples. Similar 
trends were observed in all the  other HDM-experiments with VO-TF'P, irrespective of vanadium- 
loading of the catalysts, liquid phase concentration of hydrogen and reaction temperature. 
It can be seen clearly from figures 1 and 2 that VO-TF'P is much more reactive than Ni-TF'P at 
the conditions applied. Not only the concentration of VO-TPP drops faster and the concentration 
levels of hydrogenated intermediate species are much higher, hut also the total content of 
vanadium in the liquid phase decreases faster than is the case with nickel. 

Since the concentrations of reactants, reaction intermediates, hydrogen and hydrogen sulfide could 
be calculated a t  the reaction conditions applied, detailed kinetic analysis of the HDM reactions 
of both Ni-TPP and VO-TF'P was possible. 
Various kinetic models were tested which were all based on sequential reaction mechanisms. The 
most successful model is depicted in figure 3. In this model, which applies for both Ni-TPP and 
VO-TF'P, the initial porphin is hydrogenated reversibly to its intermediates M-TF'C and M-TPiB 
(M = Ni, VO). The intermediate M-TF'iB then goes through a series of reactions, leading to the 
deposit of a metal sulfide o n  the catalyst and the fragmentation of the porphin macrocycle. The 
hydrogenolysis process is lumped into one irreversible step, represented by an apparant rate 
constant k,. 

It was carefully checked if inhibition by porphinic species occurs. No evidence was found for this 
at the conditions applied. Also in separate experiments with a flow reactor, in which the initial 
concentration of reactan& as well as reaction temperatures were varied over large intervals, no 
evidence was obtained for inhibition of the HDM reactions by porphinic species. 

Kinetic analysis of the HDM reactions of Ni-TPP and VO-TF'P with respect to the liquid phase 
concentration of hydrogen revealed that both the hydrogenation reactions (1 and 3) and the 
hydrogenolysis step (5) exhibit fractional orders in hydrogen. The dehydrogenation reactions (2 
and 4) appeared to be zeroth order in hydrogen. Similar results were obtained by Van Steenderen 
e t  al. [8] for the HDM reactions of Ni-TF'P over a sulfided Mo/yAI,O, catalyst at 613 K The 
kinetic orders with respect t o  the liquid phase concentration of hydrogen are given in table 3. For 
comparison, the results obtained by Van Steenderen et al. are included. 

Table 3. Kinetic orders with respect to the liquid phnse 
concentration of hydrogen 

catolyst porphin T(K) n R 

V(1.S)/A1203 Ni-TPP 573 0.80 1.89 

Mo(l.2)/AI2O3 Ni-TF'P 613 0.73 1.78 

?he kinetic order in hydrogen of the hydrogenation reactions is 
represented by .a. ,¶ represents the order in hydrogen of the 
hydrogenotysii step. 

V(1.S)/At203 VO-TPP 573 1.01 1.51 

~ ~ ~~ ~~ 

The fractional orders in hydrogen concentration indicate a Langmuir-Hinshelwood type of 
kinetics. Two kinetic models were considered based on the fact that no inhibition owun by 
porphins and their hydrogenated intermediates or products. In the first model, adsorbed molecular 
hydrogen reacts with the porphins and their hydrogenated intermediates. In the second model, 
the porphinic species are thought to react with dissociatively adsorbed hydrogen. In both the 
models hydrogenolysis was considered to take place on either the same type of sites as 
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hydrogenation and dehydrogenation or on a different type of sites. 
Although all models considered fitted reasonably well with the experimental data, for both Ni-TF'P 
and VO-TF'P the best results were obtained with the model of dissociatively adsorbed hydrogen 
with different types of sites for hydrogenatioddehydrogenation and hydrogenolysis. With this 
model, a value of K,=7.49*1O5 m3/mol was obtained. The hydrogenation and dehydrogenation 
rate constants were not introduced as variables but the ratios k,/k, and k&, were kept constant. 
They are in fact the equilibrium constants which were estimated from non-catalytic experiments 
and from various catalytic experiments in which liquid phase concentrations of hydrogen and 
hydrogen sulfide were widely varied. The estimated equilibrium constants at 573 K are given in 
table 4. 

Table 4. Equilibrium constants of Ni-TPP and 
VO-TPP at 573 K 

Ni-TPP VO-TPP 

KI,2=klk2 3.147*103 7.983*10-3 
K3,1=k3kq 8.919*104 2.949*103 

Plots of intrinsic rate constants for the HDM reactions of Ni-TPP and VO-TF'P as a function of 
vanadium content of the catalysts are shown in figures 4 and 5, respectively. 

It can be seen from figures 4 and 5 that VO-TPP IS huch more reactive than Ni-TPP. In both 
cases, the HDM reactions appear to be structure sensitive. This effect is for both Ni-TPP and 
VO-TF'P most pronounced in the secondary hydrogenation rates (kg). The (lumped) rate constant 
of hydrogenolysis (k5) decreases almost linearily with increasing vanadium loading. 

Discussion 

The results obtained from the current investigation have demonstrated that the HDM of VO-TPP 
and Ni-TF'P proceed through identical pathways. In both cases the initial porphin is reversibly 
hydrogenated to its chlorin, which in turn is reversibly hydrogenated t o  yield a metal- 
isobacteriochlorin. 
Kinetic analysis of the hydrogen dependence of the HDM reactions revealed that both the 
hydrogenation and hydrogenolysis reactions exhibit fractional orders in the liquid phase 
concentration of hydrogen (table 3) whereas zeroth order applies for the dehydrogenation 
reactions. The non-integer orders in hydrogen indicate a Langmuir-Hinshelwood type of kinetics. 
It was shown that a single site model for hydrogenation and dehydrogenation reactions, in which 
porphinic species and atomic hydrogen are adsorbed on the same type of sites, fitted best with 
the experimental data, irrespective of the porphin used. The fact that the value for KH is very low 
shows that the HDM reactions of both Ni-TF'P and VO-TF'P are only slightly inhibited by 
hydrogen at 573 K. 
At present it is not clear whether the metal is removed from the metal-isobacteriochlorin, at 
which a very unstable metal-free porphinic molecule is formed, or metal removal takes place after 
destruction of the porphin macrocycle by e.g a combination of hydrogenation and cracking 
reactions. Fact is however that the hydrogenolysis reactions leading to the removal of metals from 
Ni-TF'P and VO-TF'P have fractional orders in hydrogen greater than 1 indicating that 
demetallisation is achieved via a sequence of reactions. 

The HDM reactions of NI-TPP and VO-TF'P over sulfided V/A1203 catalysts are clearly 
demanding. Primary as well as secondary hydrogenation rates initially increase with increasing 
vanadium loading of the catalysts, the effect being most pronounced with the secondary 
hydrogenation rates. The catalyst with a vanadium loading of 3 atomdnm'has a significantly lower 
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activity toward the hydrogenation reactions. Increasing of the vanadium loading of the catalysts 
has a dramatic impact on the hydrogenolysis step. Whereas hydrogenation rates initially increase 
with increasing vanadium loading, the hydrogenolysis rate decreases linearly with the vanadium 
content of the catalysts. This observation nicely confirms the conclusions that hydrogenation and 
hydrogenolysis are achieved on different types of sites. 

It has been reported [1,2] that with V/AI,O, catalysts prepared by pore volume impregnation with 
vanadium loadings up to 2 atoms/nm2 the alumina surface contains an ill defined two-dimensional 
structure of vanadium oxide. At very low loadings the alumina surface contains species of 
tetrahedrally coordinated vanadium which, on increasing the vanadium loading, are transformed 
into octrahedrally coordinated species. Further increasing of the vanadium loading is thought to 
result in an expanding of these relatively small clusters due to polymerisation into larger structures 
of octahedrally coordinated vanadium with a relatively less intimate interaction with the alumina 
surface than the former ones. At vanadium loadings exceeding 2 atoms/nm2, V205 crystallites are 
present on the catalysts. 
As for the sulfidability of V/AI,O, catalysts, it was shown [2] that catalysts lacking crystalline 
VzOs are nearly completely sulfided at 673 K whereas the major part of the sulfiding process of 
crystalline V20s takes place at temperatures well above 673 K. At temperatures up to 673 K, 
crystalline V,Os is reduced to V,O,. 
The ease with which the catalysts are sulfided and the observed sulfiding mechanism are indicative 
for the preservation of the characteristics (e.g. dispersion and support interaction) of the active 
phase. Also the temperature at which the sulfiding of the catalysts was performed is too low for 
solid state transformations or solid state diffusion processes to occur. 
From the above, the impact of the vanadium loading of V/AIzO, catalysts on the HDM of Ni-TF'P 
and VO-TPP reactions can be rationalised as follows. The relatively low hydrogenation activities 
of V(0.9)/Alz0, may be the result of the presence of the active phase in small clusters with a 
strong interaction with the support. On increasing the vanadium content, these clusters expand 
to larger structures which have a weaker interaction with the support. Due to this weaker 
interaction sulfur vacancies, which are thought to be the active sites for porphin adsorption and 
hydrogenation, may be formed with more easily. Also edges of the clusters of the active phase 
may contribute to the hydrogenation activity of the catalysts. It appears that after reaching a 
maximum with the V(1.4)/A1203 catalyst, the rate constants of hydrogenation slowly decline. This 
may be the result of the presence of larger clusters, formed out of small clusters, of the active 
phase with a relatively lower ratio of edges/mol V. The presence of crystalline material on the 
V(3.0)/A1203 catalyst results in a lowering of the hydrogenation activity for both Ni-TPP and VO- 
TPP. From this it is tentatively concluded that crystalline V,O, has no hydrogenation capacity 
and, through coverage of the active sites, causes a lowering of the hydrogenation activity of 
V/AI,O, catalysts. 
The fact that the hydrogenolysis activity for both Ni-TF'P and VO-TPP decreases linearly with 
increasing vanadium loading of the catalysts indicates that hydrogenolysis is to a large extent 
independent of the characteristics of the different phases in which the active material is present 
and supports the idea that hydrogenolysis is achieved on another type of sites. 
As in hydrogenation, sites located at the edges of the active phase clusters apparently play an 
active role in the hydrogenolysis. Upon increasing the vanadium loading of the catalysts small 
clusters expand through polymerisation t o  larger clusters with a relatively lower ratio of edges/mol 
V resulting in a lowering of the hydrogenolysis activity. 

Conclusions 

- HDM of M-TPP and VO-7"P proceeds through a reversible sequential mechanism via 
hydrogenated intermediate compounds of similar nature: metal-tetraphenylchlorin and metal- 
tetraphenylisobacteriochlorin. VO-TF'P is more reactive than Ni-TPP with respect to 
hydrogenation which can be seen from the faster decline of the concentration of VO-TPP 
and the substantially larger amounts of hydrogenated intermediates formed. 
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- A two-site mechanism is found to apply for the HDM reactions of both Ni-TPP and VO- 
TPP. In the hydrogenation and dehydrogenation reactions porphins, intermediates and atomic 
hydrogen are adsorbed on the same type of sites which are thought to consist of sulfur 
vacancies. Hydrogenolysis is achieved on another type of sites in which hydrogen sulfide is 
thought to play an important role. 

The HDM reactions of both Ni-TPP and VO-TPP are first order in porphins and 
hydrogenated intermediates. Hydrogenation reactions are approximately first order in the 
liquid phase concentration of hydrogen whereas dehydrogenation reactions are zero order 
in hydrogen. The hydrogenolysis reactions exhibit fractional orders in hydrogen greater than 
one. 

The fact that for hydrogenolysis, hydrogen orders are greater than one indicates the 
demetallisation of the porphins to proceed through a sequence of fast reactions. 

The HDM reactions of both Ni-TPP and VO-TPP over sulfided V/yAl,O, catalysts are 
clearly structure sensitive. With increasing vanadium loading of the catalysts hydrogenation 
rates for both Ni-TPP and VO-TPP increase untill, at loadings exceeding 2 atoms V/nrn2, 
crystalline V203 is present on the catalysts. The presence of crystalline V,O, results in a loss 
of hydrogenation activity probably caused by coverage of active sites by crystalline material. 
The hydrogenolysis rate is not affected by the presence of crystalline V,OY 

- 

- 

- 
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Figure 1. Concentration versus reaction time plot of a HDM experiment with Ni-TPP a t  573 
K (run Ni-32). Experimental values are represented by markers. Solid lines 
represent calculated values. 

0.35 I 
0 Ni-TPP 
+ Ni-TPC 
0 Ni-TPiB 

0.20 

0.15 ::q/+A/; 
0.00 

0 10000 20000 

reaction t ime (s) 

Figure 2. Concentration versus reaction time plot of a HDM experiment with VO-TPP at 573 
K (run V-32). Experimental values are represented by markers. Solid lines represent 
calculated values. 
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Figure 3. Reversible sequential reaction model for the HDM of M-tetraphenylporphins 
(M=Ni,VO). Deposited metal sulfides are represented by MS, 

+ + &  * *  

M-TPP M-TPC M-TPiB 

M-TPP-* 1 M-TPC-* 1 M-TPiB-* 

r ing fragrnents- 

Figure 4. Intrinsic rate constants for the HDM of Ni-TF’P at 573 K as a function of the 
vanadium loading of the catalysts (k2, k, omitted). 
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Figure 5. 
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Intrinsic rate constants for the HDM of VO-TPP at 573 K as a function of the 
vanadium loading of the catalysts (k2, k4 omitted). 
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CRACKING PROPERTIES OF SAPO-37 AND FAUJASlTES 

M. BRIEND, A. LAMY. D. BARTHOMEUF. Laboratoire de RCactivit6 de Surface et 
Sbuctun, URA 1106, UniversitC P. et M. Curie, 4 place Jussieu. 75252. Paris W e x  OS. 

Keywords : SAPO-37, stability, acid catalysis 

AbSm: 
SAPO-37 materials with Si atomic fraction from 0.12 to 0.22 are studied for their 

thermal stability, their acidity and their cracking activity. Most of the acid sites have a medium 
acid strength. A very small number of sites is very strong. The materials are thermally stable up 
to high temperatures. After pretreatment at 1175 K they are as active as an ultrastable faujasite 
in the cracking of n-octane. 

mrmODucnON 

present paper compares the properties of this material with those of faujasites. 
SAW-37, isotype of faujasite. is an active catalyst for cracking reactions (1.2). The 

EXPERIMENTAL 
The samples are synthetised as described in (3) for sample Si-0.12 and Si-0.13 and in 

(4) for the other solids. The chemical analysis gives results in table 1. 
XRD is used to determine the unit cell parameter of the as-synthetised samples. The 

heating chamber of a Guinies L ~ M C  camera is employed to follow the changes in crystallinity 
and to determine the temperature for the loss of crystal structure. 

TPD of NH3 is followed using a quadrupole mass spectrometer Quadruvac FGA 100 
Leybold-Heraeus. 

The desorption of pyridinium ions from the H-SAPO-37 samples is followed by 
infrared spectroscopy. 

The catalytic activity in the cracking of n-octane at 725 K is studied in a microreactor 
with H2 as carrier gas. - 

.. . .  
U I C O I D O ~  m the frame WQ& 

The incorporation of Si in the SAPO-37 framework is seen by the decrease of the unit 
cell p””aer 

The mechanism Il of of substitution of Si for P in a theoretical ALP04 framework Creates 
isolated Si atoms (1). Each Si atom generates one proton. Accordin to mechanism IU, 2 Si 
replace a pair ALP in the framework. In the case of SAFQP-57, Si containing islands 
are formed (2-5,7). This decreases the potential number of protons formed if no AI is included 
in those Si islands (5). Alternatively some Si-AI faujasite phase has been described (2.7). The 
table 1 shows that the Al fraction is  often less than the theoretical value 0.50 which suggests the 
existence of Si islands. The difference from 0.50 increases as the Si content rises (except for 
the sample Si-O.20 which in fact contains some impurities of SAPO-20). This corresponds to 
an increasing amount of Si in islands. This is confumed by the simultaneous decrease in the 
mount of occluded template (tabk 1) which indicates that a smaller number of charges have to 

(table 1) as the materials contain more Si. 

neutralized 
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The stability of the crystal structure studied in the heating XRD chamber is very high 
(table 1). In a flow of dry 0 2  or of oxygen saturated with water at room temperature the 
structure collapses near 1200-1300 K which is similar to the case of the ultrastable LZY-82 
zeolite (8). Nevertheless the SAPO-37 structure is not stable in ambient conditions for the 
template free samples (table 2). The instability occurs when the template free sample is 
contacted with water at temperatures lower than around 350 K. It probably results from the 
attack of AI-0-P bonds (8). 

Bddity 

The TPD of ammonia and of pyridine (table 3) gives one broad peak for all the SAPO- 
37 materials (free of template) located near 500 K or 665 K for the two bases respectively. 
Examples are given for Si-O.13 and Si-0.20 in table 3. The same experiment gives for HY and 
for a dcaluminated sample (HYD) 2 peaks indicating two main average acid strength 
distributions. The mean acid strength of SAP037's is intermediate between the two which 
exist in faujasites (9). A detailed infrared study of the acid strength of protons followed by the 
limit temperature to evacuate the pyridinium ions shows (table 3) that higher temperatures are 
required (i.e. stronger acid present) for the SAPO-37 material than for HY or even than the 
dealuminated HYD compared to Si-0.13. This suggests the presence of very strong acid sites 
which infrared study showed to bc in a very small amount (6). 

The TPD peaks related to the medium acid strength which is the main source of acidity 
very liicly reflects the protonic acidity associated to isolated Si-0-AI species. The very strong 
sites evidenced by infrared would be the Si-O-AI centers at the border of Si islands. 

' 

- 
The n a t a n e  cracking carried at 725 K gives the results of table 4. After a pretreatment 

at 875 K for SAPO-37 and 675 K for HY (in order to avoid structure collapse) the 46 
conversion and selectivities arc reponed in table 4. The very active HY had to be tested at a 
higher flow rate in order to decrease the Z conversion to the SAPO'S range. With a similar 
flow rateHY would be 15 to 20 times more active. The table 4 shows that similar products are 
formed with all the catalysts. Looking at the ratios olefinlparaffin. values of 1.9. 1.9 and 1.6 
are obtained for Si-0.16, Si-0.20 and Si-0.22 while HY gives 1.2. This suggests lower 
hydrogen transfer reactions for SAPO'S which might result from a higher distance between 
close sites than in Si-A1 faujasites. For the branched to non branched hydrocarbons ratios, 
SAPO'S give 0.6.0.5 and 0.6 in the same order of materials as above and HY 0.65. 

Increasing the pretreatment temperature up to 1225 shows that HY looses its activity 
near 1075 K and the SAPO'S together with the ultrastable LZY-82 material near 1175 K. The 
table 5 compares the changes in per cent conversion for Si-0.22 and LZY-82. It shows that 
after preaaunent at 1175 K S i 4 2 2  is even more active than LZY-82. This stability for the 
catalytic propties at high temperatures may be related to the high thermal stability described 
above in tables 1 and 3. 

In conclusion the main influence of phosphorus in SAPO'S compared to Si-AI faujasites 
is an increased thermal stability which maintain catalytic properties after heating at high 
temperam. It also give rise to a higher olefin to paraffin ratio suggesting a lower hydrogen 
transfa activity. 
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Table 1. Characteristics of SAPO37 materials 

Si 0.12 Si 0.13 Si 0.16 Si 0.20 Si 0.22 

0.12 
0.50 
0.38 

22.3 
24.76 

nd (a) 

nd 

0.13 
0.49 
0.49 

20.7 
24.76 

1270 f 30 
1275 f 30 

0.16 
0.48 
0.36 

21.9 
24.74 

nd 
nd 

0.20 
0.50 
0.30 

19.7 
24.70 

nd 
nd 

0.22 
0.46 
0.32 

18.5 
24.71 

1320 f 30 
1240f30 

a : x. y. z molar fraction 
b : weight % 
c : assynthetised samples 
d : not determined 

Table 2. Thermal stability 

With template stable tanplate 
decomposition stable 

template free 
no water stable x +water 

RT -350K -850K 1200-1300K 

1866 



J 

Table 3. Acidity of SAW37 materials 1 
r 

T desorption 
pyridinium 

TPD NH3 -rPD Py 

- 
Si-0.13 
Si-0.20 
HY 
HYD 

500 (a) 665 @) 723 (C) 

500 665 673 
455 520 545 715 623 
455 520 545 735 673 

a, b 
c 

peak (Io of the maxima in TPD of ammonia (a) or pyridine (b) 

evacuation temperamre (K) for the complete disappearance of the pyridinium ion 
(infrared specmscopy) 

i 

Table 4. Selectivities (mole 96) in the m c k h g  of noctanc at 725 K 

Products Si-O.16b) Si-0.20 Si-0.22 HY (a) 
~ - - -  

methane @) 4.4 3.9 3.8 3 
ethylene @) 2.8 2.2 2.1 1.7 
ethane 7.9 5.9 6.7 4.7 
propene + propane 24.8, 23.0 24.9 25.4 
iwbutane 3.1 5.2 5.2 7.1 
n-butane 9.2 12.4 9.7 9.8 
isebutene 9.6 6.8 9.7 10.5 
n-butene 3.9 5.0 4.4 4.1 
cis-butene 4.8 5.1 5.0 4.9 
trans-butene 6.7 7.9 6.8 6.8 
iso-pentane 2.5 4.1 4.1 4.8 
n-pentane 5.7 4.7 5.4 5.5 
I-pentene 0.8 1 .o 0.7 0.6 
3-methyl-butene 0.3 0.4 0.4 0.5 
trans-Zpentene 1.8 2.2 1.9 1.9 
cis-2-pentene 5.4 3.6 3.2 3.5 
2-methyl-2-butene 6.1 6.0 6.0 5.2 
conversion Q 1.3 1.3 1.6 2.7 

(a) Flow rate 13 d m h  for SAPO'S and 56.2 d m  for HY 
(b) T h d  cracking 
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Table 5. % conversion in n-ocfane cracking at 725 K 

1075 1175 1225 
~- - - 
Si-0.22 1.7 2.4 -0  
LZY-82 > 6  1.5 -0  
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INTRODUCTION 

The use of carbon materials in catalytic systems has been traditionally 
associated with their properties as supports (1). There are, however. some 
literature data describing their use as catalysts. It was reported that. 
after activation with amonia. some carbon blacks are good oxidation 
Catalysts (2) and that some activated carbons are active in the cracking of 
hydrocarbons (3). Our data (4.5). as well as recent data by Grunewald and 
Orago (6). show that some carbon materials could act as catalysts for 
specific reactions. Thus, a high surface area carbon molecular sieve was 
active for oxidative dehydrogenation reactions at temperatures of about 230OC 
(6). We have used carbon materials with variable surface area as catalysts 
for C-C cleavage in a reductive medium and at temperatures above 320OC (4.5). 

In this paper, we describe a systematic study of the catalytic activity of 
carbon blacks of different surface area and origin and also the catalytic 
activity of carbon materials obtained by the pyrolysis of polymers such as 
resorcinol - formaldehyde and polyacrylonitrile. 

EXPERIMENTAL 

Materials and Analytical Procedures. 9.10-Dihydrophenanthrene (9.10-DHP) was 
obtained from Aldrich Chemical Co. Black Pearls 2000, Monarch, Mogul and 
Regal carbon blacks were provided by Cabot Corporation; graphite powder -325 
mesh was supplied by ALFA. The carbon materials from the carbonization of 
polyacrylonitrile and resorcinol-formaldehyde polymers were prepared at 
Sandia National Laboratory and their methods of preparation have been 
described previously (7-11). The results of the analyses performed on 
different carbon materials used in this work are given in Tables 1. 2. and 3. 

The elemental analyses were performed by Huffman Laboratories, Golden, CO. 
and at the Pittsburgh Energy Technology Center. The surface area of various 
carbon materials was measured in Prof. D. Smith's laboratories at the 
University of New Mexico in Albuquerque and at Sandia for the carbon 
materials from the polymer pyrolyses. 
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4(1-Naphthylmethyl)bibenzyl, I, was prepared in Prof. Paul Dowd's laboratory 
at the University of Pittsburgh and completely characterized. as previously 
reported (5). Oichloromethane was stored over 4A molecular sieves. 

@ C H ~  ~ C H ~ - - C H ~ @  I 

Glass reaction tubes were made of Pyrex tubing, 5 x 7 mn(i.d. x 0.d.). Sealed 
sample tubes were approximately 75 mm long. 

Gas chromatographic analyses were carried out on a Hewlett Packard Model 5890 
gas chromatograph equipped with an SE-30 60m capillary column. Gas 
chromatography/Mass spectra (GC/MS) were obtained on a Hewlett Packard G U M S  
Model 5985 instrument equipped with a 30 m SE-52 capillary column. 

Identification of reaction products was accomplished by GC/MS analysis and. 
when possible, by GC comparison with authentic samples. Reported product 
yields and overall conversion of I are based on capillary GC. 

General Experimental Procedure. The reaction components (9.10 DHP, ca. 100 
mg. I.ca. 25 mg. and catalysts) were weighed into open- ended glass reaction 
tubes. The tubes were flame-sealed, and no precaution was taken to exclude 
air. Warm water was used to melt the hydrogen donor and ensure the mixing of 
the reactants. The samples were placed upright in a temperature-equilibrated 
Lindberg muffle furnace and heated at the indicated temperatures for given 
times. The samples were removed from the oven, cooled to room temperature, 
and diluted with ca. 0.5 mL of dichloromethane. The samples were filtered 
through a plug of MgS04 and glass wool. An additional 0.5 mL of 
dichloromethane was used to wash the filter and, in the catalytic reaction, 
the carbon black catalyst. An aliquot of the resulting solution was analyzed 
by gas chromatography. The recovery was checked for selected experiments 
with an internal standard. 

Catalytic Activity. As a measure of  the catalytic activity, we determined: 
the overall conversion (thermal + catalytic), the catalytic conversion, and 
the selectivity of the catalytic conversion toward cleavage of the C-C bond 
between the naphthalenic ring and the adjacent aliphatic carbon. The 
selectivity o f  the above-described cleavage is calculated as the percent of 
the catalytic conversion only. 

Deactivation. Recovery and Reuse o f  Black Pearls 2OOO. Black Pearls 2000 was 
recovered from several different reactions, washed, and dried for reuse. In 
a typical procedure. the catalyst was recovered from a reaction using 
compound I and 9.10 DHP. which had been run at 4ZOOC for 1 h. The samples 
were prepared as described above in the general procedure. At the end of the 
reaction time, the tubes were cooled to room temperature. The reaction 
mixture was filtered through a filter paper and the retained catalyst was 
washed with dichloromethane and cyclohexane. The catalyst was washed 
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exhaustively until the GC analysis indicated only the presence of the 
solvent. The Black Pearls was dried in vacuo at 105OC for 4 h. Surface area 
determination and elemental analyses of the used catalyst are presented in 
Table 1. 

RESULTS AND OISCUSSION 

Soon after observing the catalytic activity of carbon blacks for the cleavage 
of C-C bonds, we found that not all carbon materials act as a Catalyst. 
Therefore, we initiated a study to determine what features make some carbon 
materials active. Obvious candidates were chemical composition, surface 
area, and the structure of- the carbon skeleton. As a first step of this 
Study. we looked at several carbon materials of different origin and 
properties and tested their catalytic activity for reactions of compound I in 
presence of 9.10.dihydrophenanthrene as H-donor. 

Cabot Carbon Blacks as Catalysts We used four carbon blacks (Table 1) 
obtained from Cabot Corp. and found that all four were active as catalysts 
for selective cleavage of C-C bonds. Their catalytic activity was 
proportional to their surface area. When the Cabot carbon blacks were 
present in quantities that provided equivalent surface area their catalytic 
activity and selectivity were very similar (Table 4). We found. however, 
that another commercial carbon black Norit (1300 m2/g) exibits only about 77% 
of the activity of BP2000 for equivalent surface area. 

For comparison, Alpha graphite does not exibit any catalytic activity under 
our reaction conditions. 

Carbon Materials from Carbonization o f  Organic Polymers A variety of carbon 
materials can be obtained by carbonization of organic polymers under 
controlled conditions (7-11). We investigated the carbonization products of 
polyacrylonitrile and of resorcinol-formaldehyde foams prepared at Sandia NL. 

a. Carbonized Polyacrylonitrile Polymers (PAN) as Catalysts Polymers 
pyrolyzed at various temperatures (Table 2) were tested for their 
hydrocracking activity (Table 5). They have substantially lower 
surface area and catalytic activiy than the Cabot Carbon Blacks. but 
exibit the same selectivity. After lh at 422OC. the catalytic 
conversion of lg of I is 1.65 %/ m2 catalyst for carbon black BP2000 
but only 1.1 %/ m2 catalyst for PAN 410. Also, while the surface 
area of PAN 410 (pyrolyzed at 1200OC) is almost twice as large as 
that of PAN 1448 (pyrolyzed at 2000OC). the catalytic conversion of I 
is - four times larger with PAN 410 than with PAN 1448. Obviously, 
surface area is one, but not the only. factor in the activity of 
carbon materials. 

b. Carbonized Resorcinol-Formaldehyde Foams (CRF) as Catalysts A 
systematic study of carbon materials as catalysts was possible 
because carbon materials could be obtained by controlled pyrolysis of  
resorcinol-formaldehyde foams (9). For each pyrolysis temperature, 
several surface areas of carbon material could be obtained (10). The 
samples used in this paper are described in Table 3 and their 
catalytic activity is presented in Table 6. It can be seen that for 
materials pyrolyzed at the same temperature the activity is 
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propor t i ona l  t o  the surface area, wh i l e  f o r  ma te r ia l s  w i t h  the  same 
surface area, the a c t i v i t y  depends on the py ro l ys i s  temperature f 

(Fig.1). The CRF mater ia ls  are the most act ive ca ta l ys ts  among the 
ma te r ia l s  we have invest igated so fa r .  The c a t a l y t i c  conversion a t  
400OC i n  l h  f o r  l g  o f  I i s  0.54%/m2 o f  CRF (pyrolyzed at  1050OC) and 
on ly  0.34 5 /m2 o f  EPZOOO. 

A c t i v i t y  o f  t he  Reused Carbon Mater ia ls  We have conducted some pre l iminary 
experiments i n  which carbon black BP2000 was recovered a f t e r  reac t i on  and re -  
used (see experimental par t ,  Tables 1 and 7). These experiments showed t h a t  
the react ivated EP2000 has an elemental composition d i f f e r e n t  from the 
i n i t i a l  ma te r ia l  and i t s  surface area i s  reduced by -30%. The c a t a l y t i c  
a c t i v i t y  o f  the recovered mater ia l  i s  a lso reduced by 30%. bu t  the 
s e l e c t i v i t y  remains the same. 

Charge D i s t r i b u t i o n  Analys is  o f  Carbon Ma te r ia l s  Charge D i s t r i b u t i o n  
Analysis (CDA) i s  a new method, invented by F.Freund (12), which makes 
possible the determinat ion o f  the charge on the surface o f  s o l i d s  as a 
func t i on  o f  temperature. Several o f  the carbon mater ia ls  used as ca ta l ys ts  
i n  t h i s  work have been studied by F.Freund by CDA. I n  a l l  cases, t he  carbon 
mater ia ls  t h a t  are ac t i ng  as ca ta l ys ts  s tar ted t o  develop p o s i t i v e  charges on 
t h e i r  surface when heated i n  an i n e r t  gas a t  temperatures around 300OC. We 
have shown t h a t  carbon -black EPZOOO becomes c a t a l y t i c a l l y  ac t i ve  f o r  the C-C 
cleavage reac t i on  a t  320OC, and we have discussed poss ib le  mechanistic 
impl icat ions (4.5). Fur ther  work i s  being ca r r i ed  out t o  determine whether 
the s e l e c t i v i t y  of carbon mater ia ls  f o r  t he  cleavage o f  C-C bond adjacent t o  
a condensed polyaromatic s t ructures i s  re la ted  t o  t h i s  p o s i t i v e  charge on the 
surface o f  the ca ta l ys t .  

CONCLUSIONS 

Our resu l t s  show t h a t  no simple re la t i onsh ip  e x i s t s  between the c a t a l y t i c  
a c t i v i t y  of some carbon mater ia ls  f o r  se lec t i ve  cleavage o f  carbon-carbon 
bonds adjacent t o  condensed polyaromatic r i n g s  and the elemental composition 
o r  surface area o f  these materials. The a c t i v i t y  i s  dependent, however. upon 
the precursor used t o  generate the carbon material.  Moreover. f o r  a given 
precursor the a c t i v i t y  i s  determined by the method o f  conversion t o  the 
carbon mater ia l .  It remains t o  be establ ished what elements o f  s t ruc tu re  are 
responsib le  f o r  t he  observed a c t i v i t y  i n  carbon m a t e r i a l s  t h a t  are 
c a t a l y t i c a l l y  act ive.  
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Of CRF Carbon Materials. 
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Table 1 Properties o f  Carbon Blacks form Cabot Co. 

Material Surface Dry Elemental Analysis Dry Basis X 
Area loss C H S 0 Ash 
mZ/g X 

Regal 400 R 86 2.3 95.9 0.5 0.9- 1.5 0.9 

Mogul L 138 3.2 94.9 0.5 1.0 3.0 0.5 

Monarch 1300 560 7.9 88.9 0.5 1.1 7.5 2.8 

Black Pearls 1475 10.9 96.1 1.4 1.4 1.4 1.2 
2000 

Black Pearls 1026 0.0 96.5 1.7 0.3 0.6 0.8 

recovered* 

* the recovery of the used 8P2000 is described in the experimental section. 

2000, 

Table 2 Properties of Carbonized Polvacrvlonitrile Polymers. 
PAN # Temperature of Surface Elemental Analysis wt. 

Carbonization Area C H  N 
C m2Ig 

455 
662 
1260 
410 
1448 

700 16 73.5 0.5 15.6 
800 17 75.4 0.2 13.4 
1100 22 94.3 ~0.05 3.2 
1200 85 96.9 <0.05 1.8 
2000 48 >99.9 

% 
O* 

10.4** 
10.0 
2.5" 
0.6 

* 0 by Neutron Activation Analysis 
** 0 by difference 
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Table 3 ProDerties o f  Carbonized Resorcinol-Formaldehyde Polymers. 

CRF # Temperature o f  Surface Elemental Analysis, wt.% 
Carbonization Area C H N Of 

oc m2/9 

654 69 5 
626 695 

900 93.69 1.45 <0.01 -4.9 
700 _ _  _ _  -- 

654 790 900 ,94.62 0.85 0.02 -4.1 -- -- -- 626 790 700 

1029 1050 900 94.22 0.59 0.20 -5.0 
613 1050 600 92.33 0.63 0.18 -6.9 

654 1200 
626 1200 

900 97.57 0.19 0.21 -2.0 
600 -- -- -- 

57 1 1400 900 98.88 0.30 0.06 -0.8 
624 1400 600 -- -- _ _  

* Oxygen by difference 

Table 4 ExDeriments with Various Cabot Carbon Blacks at Equivalent Surface 

In all cases 1:4 ratio (wt) Compound I : 9.10 DHP, lh. 

Carbon Cat. conc. Temp. overall catalytic selectivity 

Area o f  Catalyst Der qram of ComDound I. 

Black m2 cat/g I C conv.% conv. % % 

None 407 5 (43)* 
Regal 15.6 407 15.3 10.3 100 
Mogu 1 15.6 407 15.4 10.4 97 
Monarch 15.6 407 13.5 8.5 100 
BP2000 15.6 407 13.6 8.6 100 

None 428 26 (40)* 
Regal 14 428 42 16 100 
Mogul 14 428 45 19 100 
Monarch 14 I 428 35 9 100 
BP2000 14 428 46 20 100 

The selectivity of the thermal reaction is expressed as a percent o f  the 
C-C bond cleavage of the bond adjacent to the naphthalene ring vs 
overall conversion. 

I 
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Table 5. Catalvtic Properties of Carbonized PAN Polymers. 
Reaction conditions: Compound I:9,10 OHP = 1:3 (by wt), lh, 420OC. 
Different PAN carbons were added to an equivalent surface area (4.25 m2 
catalyst/g o f  I). 

Carbonization Surface Overall Catalytic Catalytic 
temp. o f  PAN Area conv. I conv. I Selectivity 

C m2/g % % % 

700 
800 
1100 
1200 
2000 

0 
3.8 > 93 
4.7 100 
1.2 > 90 

Thermal 16.2 43* 

* The selectivity of the thermal reaction is expressed as a percent of the 
C-C bond cleavage of the bond adjacent to the naphthalene ring vs. 
overall conversion. 

Table 6. Catalvtic Properties of  Carbonized Resorcinol Formaldehyde 
Pol vmers. 
Reaction conditions : 
1 : 9,lO OHP (wt) 1:4, 10 % wt CRF material(based on I), 400OC. lh. 

Carbonization Surface Overall Catalytic Catalytic 
temp. of CRF Area conv. I conv. I Selectivity 

C m2/g % % % 

695 
790 
1050 
1200 
1400 

695 
790 
1050 
1200 
1400 

900 33.4 
900 37.8 
900 51.2 
900 40.6 
900 31.0 

700 19.6* 
700 25.P 
600 38.8 
600 30.0 
600 22.1 

30.4 >99 
34.8 100 
48.2 98 
37.0 100 
28.0 97 

16.4 >99 
22.0 100 
35.8 99 
27.0 100 
19.1 96 

Thermal 3.0 43** 

the experimental values for the overall conversion for these catalysts 
have been reduced by the factor of 600/700 for comparison with the 
Catalysts that have surface areas of 600 m2/9 ( samples carbonized at 
1050, 1200 and 1400OC). 
the selectivity of the thermal reaction is expressed as a percent of the 
C-C bond cleavage o f  the bond adjacent to the naphthalene ring vs. 
overall conversion. 

** 
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Table 7. Activity of Fresh and Recovered* BP2000 

Reaction of I in presence of 9.10 DHP, lh, 407OC 10% BP2000 (based on I) 

Catalyst Surf ace Overall Catalytic Selectivity 
area conv. % conv. % % 
m2Ig 

None 5 - 44** 

Fresh 1475 63 58 98 

Recovered* 1026 45 40 98 

* for the recovery conditions see Experimental Section. 

** The selectivity of the thermal reaction is expressed as a percent of the 
C-C bond cleavage of the bond adjacent to the naphthalene ring vs 
overall conversion. 
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ABSTRACT 

Six commercially available Ni-Mo/Ai,O catalysts were tested for HDN. aromatics reduction 
and HDS on a hydrocracked gas oil ($49 - 5 2 4 Q  in a fixed bed reactor operating in the 
upfiow mode. Acceptable HDN. HDS. and aromatics reduction were obtained for three of 
the six catalysts. Total aromatics concentrations were determined using four different 
methods. two of which were also used to determine PNA concentrations. Each method 
gave a different aromatics concentration, however. linear correlations were establihed 
between the results obtained by each method. Contrary to expectations, superior HDN and 
HDS performance and comparable PNA reductions were observed in a heavier fraction 
(343+OC) than in the total liquid product. 

INTRODUCTlON 

The expected depletion of the lightest conventional feedstocks has placed a greater 
emphosis on upgrading technologies. These technologies generally involve hydrocracking 
the 'bottom of the barrel' and hydrotreating the resulting distillates to reduce the amounts of 
sulphur and nitrogen'". The substitution of conventional petroleum with synthetic crudes is 
on the rise. This trend is expected to shift the hydrocarbon distribution toward the aromatic 
at the expense of the saturates in the blended feedstocks'. Studies have shown that, due to 
their high content of aromatic components. combustion of synthetic fueis generates higher 
particulate concentrations than combustion of conventional fueis in both diesel engines and 
heating appliances. Because of the varied health hazards associated with particuiute 
emissions", refiners are confronted with stricter regulations aimed at controlling particulate 
emlssions and unburned hydrocarbons in diesel exhaust through reduced aromatics levels. 

Thus. aromatics reduction has become a key Upgrading parameter in light of stringent 
environmental regulations and industty trends toward low-quolii component blends 
derived from conventional crudes and synthetic crude distillates. The optimization of 
product quality and product performance becomes critical both from an environmental 
and a marketing perspective. While regulations have focussed on aromatics determined by  
fluorescent indicator adsorption (FiA) in diesel fueis. the guidelines for aromatics 
determination in the gas oil fraction are much more ambiguous. Consequently. it is essential 
to have a reliable method for aromatics determination in these heavy cuts. 
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The work reported herein is port of o much lorger study aimed ot evoluoting the 
performance of commercial catalysts during the hydrotreating of gas oil. One of the 
performance indicators in that study was the reduction in the amount of orornotic 
components. Many conventional hydrotreating catalysts (e.g.. sulphided Ni-Mo/AI,O,). 
normaliy designed for hydrodesulphuriiation, show excellent hydrodenitrogenotion activtty 
and perform oromatics reduction as well. 

This paper provides technical information reloted to product properties upon hydrotreating 
a hydrocracked gas oil. The data will focus on oromotics determination and aromatics 
reduction for six commercially available hydrotreating catalysts. 

EXPERIMENTAL 

The hydrotreating experiments were performed in o stainless steel tubular fixed-bed reactor 
operating in the upflow mode. The key process parameters were T = 375OC. P = 1750 psi9 
and LHSV = 0.5 h-', The feedstock wos the fraction boiling between 24% ond 524°C 
obtained from hydrocracking a 50/50 volumetric blend of Cold Lake/ Uoydminster resid. 

Specific gravities were determined at 155°C on a Paar DMA 48 instrument while dynamic 
vlscositles were determined at 25°C on a Broolcfield DV I I  instrument. Sulphur was determined 
on a Leco SC-132 sulphur analyzer while carbon and hydrogen as weil as trace nitrogen 
were determined commercially. Both simulated distillotions (ASTM D-2887) and vocuum 
distillations (ASTM D-1160) were performed in-house. 

Carbon-13 NMR analyses were obtained on a Bruker ACE-2OO instrument. Solutions were 
prepared by diluting 2.0 cm3 of the sample with 2.0 cm30f a 0.10 mole dm" solutlon of 
tris(2,4-pentanedionato)chromium(lll) in CDCI,. The instrument was operated in the Inverse 
gated decoupled mode for NOE suppression using a 6.5 us pulse (W) and a repetiion 
time of 10 s. In a typical experiment 5ooo transients were collected as 8K data points which 
were zero filled to 16K. A Lorenizian line broadening of 5 Hz was applied to the free 
induction decay prior to processing. Integration for paraffins. naphthenes and aromatics 
was as described by Young and Galyo7. 

Low resolution mass spectrometric onalyses for orornotic types were obtalned commercially. 
The method of Robinson and Cook'. which hos been adopted as ASTM D-3239. was used 
with minor modifications. As well, the weight per cent of total aromatics was determined by 
a column chromatographic technlque os described by Watson'. The method of Fitzgerald 
et 8, for the determination of orornotic. components by UVlVis spectroscopy, wos 
adapted in-house to account for expected differences in the sample composition. 

RESULTS AND DISCUSSIONS 

The project from which these doto were derived concerned the selection of hydrotreating 
catalysts for the Bi-Provincial Upgrader facility "currently under construction. The deslgn 
specificatlons for hydrotreated product quality included. among others. nltrogen at 500 
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wppm. sulphur at 400 wppm and total oromatlcs by Watson’s method’ at 45 wt.%. The 
properties of the feedstock and of the products obtained from hydrotreating this material 
using six different catalysts have been recorded in Table 1. The data indicate that ail of the 
products exceed the design speclflcations for nitrogen and total oromatlcs content and 
that three of the six products meet the sulphur specifications as well. 

The aromatics content of the feedstock and the six hydrotreated products have been 
measured using four different methods (roble 2). Bath I3C NMR’ and the Watson method’ 
measure total aromatics only. With I3C NMR the paraffinic and naphthenic carbon content 
as well as the aromatic carbon content of the sample may be determined while with the 
Watson method, any moiety which has not been eluted from a silica containing 
chromatographic column with an aliphatic hydrocarbon is considered aromatic. 
Consequently. in this latter technique any compound which contains an aromatic unit 
would be considered as aromatic. The UV/Vis method” may be used to determine both 
total aromatics and polynuclear aromatics (PNA). The technique requires an a priorl 
assumption or knowledge of the types of aromatic components in the sample so that the 
absorption maxima and absorptivities of corresponding model cornpound types  may be 
used to calculate the concentrations of related components in the sample of interest. The 
method seems to be highly dependent on the materials chosen to represent the PNA 
components. the sensitivity has been found to be low, and the method was found to 
overestimate both PNA content and total aromatics content. However. the UVlVis method 
may be useful for determining trends. The last method used for aromatics determination 
was a modification of Robinson and Cooks mass spectrometric technique’. Saturates are 
separated from aromatics b y  column chromatography and each fraction is introduced into 
the mass spectrometer for classification by 2 number. Because ‘aromatics’ is loosely and 
operotionoily defined, each of the techniques determines a different quant i  and 
consequently results in method dependent values for aromatics content. 

Among the various methods. the best agreement for total aromatics content appears to be 
between the U V / M  and MS methods. Wring in mind the limitations of the UV/Vii method, 
this correspondence may be more fruitious than real and probably reflects the large number 
of tetra- and penta-aromatic standards used in the technique and that the mono-aromatics 
account for the major portion of the total aromatics content of the samples. Also. it may be 
seen that while the absolute values for total aromatics vary considerably according to 
method. a relationship exists between the different methods. This relationship has been 
further explored by piotting the total aromatics content obtained via NMR, 
chromatographic and UV/Vb analyses in the hydrotreated total liquid product against that 
obtained from mass spectrometry (Figure I). Linear regression analysis has resulted in 
correlation coefficients of 0.971.0.988 and 0.997 respectively for the following equations: 

NMR = 0.31 * MS + 3.95 ............. (1) 
Watson = 0.84 * MS + 10.0 ............. (2) 
UV/ViS = 1.06 * MS - 1.44 .............. (3) 
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the MS method noted above has resulted in excellent correlations between the methods. 

the feedstock is included in the regression analyses. It Is possible that the devlation of the 
data point for the feedstock from the regression line encompassing the hydratreated 
products may be due to the sensitivity of the method to the choice of reference standards. 

h However, it is noted that the correlation coefficient drops to 0.75 If the aromatics content of 

One Interpretation of equations 1-3 above could be that on average, only 31% of the 
carbon atoms are in aromatic rings, the remainder being in alkyl side chains and 
naphthenic substltuents. Consistent with this, 16% of the aromatic components in the sample 
could be considered saturate on the basis of polarity because of long chain alkyl 
substituents on the aromatic moiety. 

Only the UVlVis method can be compared to the MS method for aromatics content by ring 
number. Meaningful results have been obtained for only mono-aromatics, di-aromatics and 
total PNA (Figure ii). The insensitivity of the UV/Ws method to higher ring number 
components precluded further correlations. The data indicate that while the correlatlon 
coefficients were acceptable. the UV/Ws technique overestimates mono-aromatics while 
severely underestimating higher ring number aromatics. 

Lee et 0 1 ' " ' ~  have found similar correlations between aromatics determined by mass 
spectrometv and NMR, FiA (ASTM D-1319) and SFC for diesel fuels and middle distillates. 
Since the NMR analyses methodology adopted by these authors differed from our 
approach. no basis for data comparison existed. However, the fact that such correlations 
exist for diesel and middle distillate and for the gas oil fraction suggests that these 
correlations may be part of a more general phenomenon. 

The heteroatom distribution as well as the PNA (UV/Ws meethod) and total aromatics 
(Watson method) content of the 343+OC fractions of the feedstock and hydratreated 
products were determined (Table 3). The data indicate that both the heteroatom content 
and the aromatics content have increased in the feedstock while, for the mast part, these 
values have decreased for the hydrotreated product relative to those in total liquid product. 
Suprisingly. this has resulted in higher conversions in the heavier gas oil fractions (Table 4) and 
consequently Indicates the superior catalytic activity of these catalysts far the heavier 
components. 

CONCLUSIONS 

Aiihough the Ni-Mo/Al,O, catalysts used in this work will not perform deep aromatlcs 
hydrogenation, they will remove 30 - 60% of the total aromatics in the hydrocracked gas oil 
while at the same time exhibiting a Qo - 99% conversion of sulphur and niirogen. The 
catalysts investigated show superior performance with the heavier gas 011 fractions. The 

, 
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amount of aromatics determined. and consequently the aromatics conversions, are method 
dependant. This must be consldered in potential environmental legislation as well as in fuel 
oil and catalyst marketing and underscores the requirements for standardization. The trends 
determined for the very narrow range of compounds reported here may be part of a 
broader, more general phenomenon. 
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TABLE 1 

FEEDSTOCK AND HYDROTREATED PRODUCT PROPERTTIES 

D e M v  Rgg/drn3) 

ViscoJity (cP) 

Carbon (~4%) 

Hydrogen (wtg) 

Wphu (wprn) 

Nitrogen (wppm) 

Sm. Dirt. (a) 
IPB - 177 

I77 - 249 

249 - 343 
343 - 524 

524t 

FEED- 
STOCK 

923.3 

38 

87.03 

1 I .61 

14123 

1799 

I .6 

31.4 

65.4 

1.6 

PROD 
A 

872.8 

13 

86.60 

12.74 

795 

102 

4.1 

7.4 

39.2 

49.3 

r n D .  
n 

890.2 

22 

87.06 

12.15 

984 

276 

1.5 

4 3  

353 

58.5 

PROD 
C 

m . 2  

21 

87.02 

12.26 

517 

204 

1.4 

3.8 

36.3 

58.5 

'. I PROD 
D 

886.3 

19 

86.91 

12.47 

393 

62 

1 .8 

4.7 

36.5 

57.0 

PROD. 
E 

889.2 

22 

86.78 

12.38 

391 

129 

1.5 

4.2 

35.8 

58.5 

PROD. 
F 

88od 

16 

86.50 

12.65 

247 

30 

2.7 

5.9 

37.11 

54.0 

Note: A. 8. C. D. E. Fore comrnerciolly ovailable catalysts. 

TABLE 2 

TOTAL AROMATICS w.x) nv MEWIOD 

METHOD ' 

I3C NMR 

Watson 

uv/vis 

M W  SCeC. 

FEED- PROD. PROD. PROD. PROD. PROD. PROD. 
STOCK A n C D E F 

27.0 9.8 13.9 13.9 12.2 13.6 11.1 

55.1 25.7 35.2 37.3 33.8 36.3 29.3 

32.4 18.1 30.7 33.8 28.0 30.6 24.0 

50.45 18.94 29.92 33.72 27.45 30.55 23.73 

I 
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TABLE 5 

HETEEOATOM AND AmMATKT DlSmUBmON IN ME -9: FRACllONS 

FEED- PmD. PROD. m D .  PUOD. PROD. FQ.OD. 
STOCK A B C D E F 

Oeraitv Wg/dm3) 940.6 888.7 9054 904.2 900.7 9034 895.4 

Nitrogen (wppm) M50 37 230 145 a 161 15 

Sulphur (wppm) 16400 265 718 488 265 24) a 

Aromatics. UV/Vs (Wfg) 

Monoaromatii 23.3 16.7 25.1 29.9 25.7 27.0 215 

Polynudear Arorn. 12.9 4.1 4.7 44 4.4 4.5 4.2 

Total Aromatics 56.2 20.7 29.8 34.3 30.1 31.5 25.7 

I &omatics. Watron(wtg) 57.9 22.1 35.9 384 33.8 37.1 28.0 

, 
TABLE 4 

HEIEUOATOM AND AWMATICS CONVERSION CU 
IN THE TOTAL LIQUID PIK)DUCT AND ME 3ru*% FRACTION 

TEST CAT. CAT. CAT. CAT. CAT. CAT. 
A B C D E F 

Total tiquid Roduct 

Sulphur 94.4 84.7 88.7 96.5 92.8 98.3 

Nitrogen 94.4 931) 96.3 97.2 97.2 98.2 

Aromatics. Watson 53.3 36.1 32.3 38.7 34.1 46.8 

343+ Fractions 

Nitrcgen 98.2 88.8 92.9 97.1 92.1 w3 

Sulphur 98.4 95.6 97.0 98A 98.5 W6 

Aromatics. Watson (wi%) 61.8 38.1 53.7 41.7 36.0 51.7 
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Figure 1. Effect of Analysis Method 
on Aromatics Content in Gas Oil 
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Aromatics (Wt.%) by MS - C-13 NMR 4 WATSON UV/VIS 
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COAL/OIL GOPROCESSING USING SYNGAS 
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ABSTRACT 

Coal  and model compounds were hydrogenathd and d e s u l f u r i z e d  i n  tlie p r e s e n c e  of 
petroleum s o l v e n t s  and c a t a l y s t  under  coprocess ing  cond i t ions  by using syngas w i t h  steam 
i n  p l a c e  o f  hydrogen. Nickel molybdate  and c o b a l t  molybdate  c a t a l y s t s  impregnat.ed with 
potassium c a r b o n a t e  e x h i b i t e d  good a c l i v i l i t s  f o r  hydrogena t ion  and d c s u l f u r i z a l i o n  of 
c o a l  and model compounds(ant1iracene and I~enzo th iop l i ene )  a1  400-425E w i t h  t h e  u s e  o f  
syngas .  Some wa te r  g a s  s h i f t  conve r s ion  a l s o  took place s imul t aneous ly .  l h e  e x t m i t  of 
h y d r o g e n a t i o n  a n d  d e s u l f u r i z a t i o n  o b t a i n e d  a r e  c o m p a r a b l e  t o  t h o s e  o b t a i n e d  i n  
c o p r o c e s s i n g  u s i n g  pure hydrogen. I ron  c a l a l y s l s  such as s y n t h e t i c  p y r i t e  cxh ib i  Led good 
a c t i v i t i e s  f o r  c o a l  c o n v e r s i o n  i n  c o ~ r n c e s s i n g  u s i n g  hydrogen .  b u t  o n l y  moderate  
a c t i v i t i e s  i n  coprocess ing  u s i n g  syngas.  Results from c o p r o c e s s i n g  of model compounds 
i n d i c a t e  t h a t  t h e s e  i r o n  c a t a l y s t s  have r e l a t i v e l y  low a c t i v i t i e s  i n  the  desu l fu r i za t ion  
of benzothiophene. 

INTRODUCIION 

I n  coprocessing of coa l  and petrnleum r e s i d u e s  t o  produce 1 iquid fue l s .  tlie prncess  
economics could b e  improved s i g n i f i c a n t l y  by us ing  syngas  ( I l n t C O )  and s team i n s t e a d  o f  
hydrogen a s  f eed  g a s  Lo t h e  r e a c t o r .  The u s e  of  syngas.  even unly a t  t he  f i r s t  slage of 
t h e  c u r r e n t  two-stage p r o c e s s  b e i n g  developed.  cou ld  s u b s t a n t i a l l y  r educe  t h e  hydrogen 
consumption and improve t h e  o v e r a l l  thermal  e f f i c i e n c y .  I t  h a s  been demons t r a t ed  t h a t  
l i g n i t e '  and bi tuminous c o a l 2  are l i q u e f i e d  and c o a l  l i q u i d 3  is hydrogenated by the  use 
of carbon monoxide o r  carbon monoxide-containing gas .  

I n  t h i s  s tudy .  c o a l  model compoiinds ( a n t h r a c e n e  and benzolhiophene) a r e  coprocessed 
with petroleum s o l v e n t s  i n  t h e  presence of c a l o l y s l .  and the  results of hydrogenat.ion and 
d e s u l f u r i z a t i o n  d u r i n g  c o p r o c e s s i n g  u s i n g  s y n g a s  and  hydrogen  were compared.  The 
ca l . a lys t s  used i n c l u d e  NiMo. CIJMO. and d i s p o s a b l e  Pe and ZnClz c a t a l y s t s .  In gene ra l  t h e  
c a t a l y s t  a c t i v i t i e s  a r e  somewhat lower with t h e  use of  syngas  than with hydrogen. I t  is 
shown. however, Lhat- NiMo and CoMo c a t a l y s L s  e x h i b i t  good a c t i v i t i e s  with syngas and tlie 
p e r f o r m a n c e s  a r e  c o m p a r a b l e  t o  t h o s e  o b t a i n e d  w i t h  h y d r o g e n .  Some c o p r o c e s s i n g  
expe r imen t s  u s i n g  c o a l  and petroleirm s o l v e n t s  with s y n g a s  y i e l d e d  moderately good coal 
conversions.  but  r e a c t i o n  c o n d i t i o n s  r e l a t i n g  t o  Hn/CO r a t i o ,  steam/syngas r a t i o ,  s o l v e n t  
c o m p o s i t i o n .  c a t a l y s t .  and p r o c e s s  s e v e r i  t y  s h o u l d  b e  o p t i m i z e d  t o  a c h i e v e  bel t .er  
results. 

EXPERIMENTAL 

The c o p r o c e s s i n g  r e a c t i o n s  o f  model compounds were conduc ted  i n  a s h a k i n g  20-ml 
m i c r o r e a c t o r  w i t h  syngas (H2:Cf l=1 : I )  o r  111 a t  i n i t i a l  p r e s s u r e s  o f  70 Kg/cm2 and 
t e m p e r a t u r e s  of 350-400°C f o r  4 5  minutes .  Aiithrocene and benzolhiophene were used as the  
model compounds. and m i x t u r e s  of  n - p a r a f f i n  and cycloalkane and t h a t  added with t e k a l i n  
were used a s  petroleum s o l v e n t s .  l h e  r a l i o  o f  s o l v e n t  t o  c o a l  model compounds was 5 : l .  
With syngas.  10 weigh t  16 of 1120 based on t h c  t o t a l  amounts  of t h e  model compounds and 
s o l v e n t  was added. The amount of ground c a t a l y s t  powder added was a l s o  10 weight 'X. 
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The conventional NiMo/AlzOa and CoMo/AlzOo catalysts and disposable synthetic 
pyrite(Mitsui Coal Liquefaction Co.) were used for coprocessing experiments using Hz. For 
experiments using syngas. the NiMo/AlzOs and CoMo/AlnO3 catalysts and synthetic pyrite 
were impregnated with aqueous potassium carbonate solution (10 at%). Additional catalysts 
tested for comparison purpose included a solid superacid catalyst of sulfate-promoted 
iron oxide'.5 and a zinc chloride catalyst'(30 wt%) supported on silica-alumina. The 
FezOJ/SO,'- (2 wt%) was prepared starting from ironla) nitrate precipitated with an 
aqueous ammonia. The powdered precipitate was treated with ammonium sulfate. and then 
dried and calcined at 500%. 

Some coprocessing experiments using coal and petroleum solvents with syngas were 
also conducted. Illinois No. 6 bituminous coal (River King) with an ultimate analysis of 
C. 78.3: H. 5 . 4 :  N. 1.32: 0. 11.12: S. 3.86: Ash. 10.9(mafebasis) was used. The coal 
conversion was determined from tetrahydrofuran insolubles. and the solubles were analyzed 
by Yanaco C-6800 gas chromatograph using OV-1701 fused silica capillary column (600 
x 0.25em0). 

RESULTS AND DISCUSSION v 

Hydrogenation of Antbracene. Anthracene was initially hydrogenated in the presence 
of petroleum solvents and synthetic pyrite using H2 and syngas. The results in Table 1 
show that the hydrogenation proceed well at 3509: with Hz irrespective of the type of 
solvent used. Paraffins and cycloalkanes did not participate in the reaction and hydrogen 
transfer from tetralin was not an important factor. The reaction with syngas at the same 
temperature gave only 65.9% anthracene conversion. It is observed that the conversion 
increased as the temperature increased to 400C. and that this was accompanied by the 
increase of CO shift conversion. 

Coprocessing of  Yodel Compounds. Anthracene and henzothiophene were coprocessed 
with petroleum solvents to study the hydrogenation and desulfurization during 
coprocessing. It is seen in Table 2 that anthracene was hydrogenated easily with H2 in 
the presence of synthetic pyrite. but desulfurization of benzothiophene did not take 
place easily. In the presence of NiMo/AlzOo and CoMo/AlzOa. both hydrogenation and 
desulfurization progressed markedly. In the run using an n-dodecane/decalin mixture as 
the solvent. 23.8% of decalin was dehydrogenated(l7.7X to tetralin and 6.1% to 
naphthalene). It is of interest to note that trans/cis ratio of the remaining decalin has 
increased to 4.6 from the original trans/cis ratio of 1.6 after the coprocessing 
reaction. Similar increase of trans/cis ratio was also nbserved in the run using an 
n-dodecane/decalin/tetralin solvent mixture. The occurrence of isomerization to trans 
decalin during extraction of coal was also observed by Clarke et all. 

For comparison purpose. a sulfate-treated iron oxide catalyst and a 
ZnCla/Si02-A1~03 catalyst were prepared and tested. Both catalysts showed moderately good 
activities for hydrogenation and desulfurization in coprocessing using Hz. 

In coprocessing using a paraffin/ethylcyclohexane/tetralin solvent with syngas. 
NiMo and CoMo catalysts impregnated witb KPCOB exhibited good activities for both 
hydrogenation and desulfurization. as shown in Table 3. When a paraffin/decalin/tetralin 
solvent was used. the extent of hydrogenation and desulfurization decreased. It was 
noticed that no net conversion or dehydrogenation of decalin took place in this case. The 
trandcis ratios of the remaining decalin were much lower than those observed for 
coprocessing using He. indicating limited occurrence of isomerization during coprocessing 
with syngas. As was suggested by Clarke et alT. decalin could participate in hydrogen 
donation reactions in the presence of polyaromatic compunds. and this was more pronounced 
in the reaction witb HZ than with syngas. It is speculated that hydrogen donation 
reactions of decalin somehow relate to the occurrence of isomerization. With syngas. 
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s y n t h e t i c  p y r i t e .  s u l f a t e - t r e a t e d  i r o n  ox ide .  and ZnC1z/SiOz-A1~03 e x h i b i t e d  moderate  
a c t i v i t i e s  f o r  h y d o g e n a t i o n .  b u t  p o o r  a c t i v i t i e s  f o r  d e s u l f u r i z a t i o n .  P r e s e n c e  of 
s i g n i f i c a n t  concen t r a t ions  o f  hydrogen dona t ing  t e t r a l i n  a l o n e  was no t  s u f f i c i e n t  t o  g i v e  
h i g h  c o n v e r s i o n  i n  c o p r o c e s s i n g  u s i n g  s y n g a s .  I t  is a l s o  obse rved .  i n  g e n e r a l .  t h a t  
hydrogenat ion and d e s u l f u r i z a t i o n  p rogres s  with t h e  p rogres s  o f  CO s h i f t  conve r s ion .  

Coproceas ing  of Coal  with Petroleum S o l v e n t s .  T a b l e  4 shows t h e  t e s t  r e s u l t s  o f  
coprocess ing  bi tuminous c o a l  w i th  p a r a f f i n / d e c a l i n / t e t r a l  i n  s o l v e n t s .  F a i r l y  high coal  
c o n v e r s i o n s  were ob ta ined  w i t h  NiMo/AhOa. CoMo/AhOo. and s y n t h e t i c  p y r i t e  u s i n g  1 1 ~ .  
The coa l  conversions obtained with syngas were only moderete. bu t  i t  should be emphasized 
t h a t  t h e  r e a c t i o n  c o n d i t i o n s  have n o t  been opt imized i n  these  runs. Improved conversions 
shou ld  be o b t a i n a b l e  i f  v a r i a b l e s  i n c l u d i n g  s t e a d s y n g a s  r a t i o .  IIz/CO r a t i o . '  s o l v e n t  
composition. c a t a l y s t .  and p rocess  s e v e r i t y  are p rope r ly  chosen. 

I n  t h e  run us ing  a n  n-dodecane/decalin/l-methylnaphthalene mixture as t h e  so lven t .  
h i g h  c o a l  c o n v e r s i o n  was o b t a i n e d  even w i t h o u t  t h e  u s e  o f  t e t r a l i n .  P r o d u c t  a n a l y s i s  
i n d i c a t e s  t h a t  s i g n i f i c a n t  amoun t s  o f  I - m e t h y l n a p h t h a l e n e  may h a v e  p a r t i c i p a t e d  i n  
hydrogen exchanges  wi th  d e c a l i n  and c o a l .  I n  t h e  s i m i l a r  run  w i t h  syngas .  t h e  a c t i v e  
p a r t i c i p a t i o n  o f  I - m e t h y l n a p h t h a l e n e  was n o t  e v i d e n t .  a n d  t h e  d e c a l i n  c o n v e r s i o n  
decreased.  For  syngas runs. a g a i n  t h e  t r a n s / c i s  r aL io  o f  Lhe remaining d e c a l i n  was lower, 
p r o b a b l y  s u g g e s t i n g  t h a t  o n l y  l i m i t e d  p a r t i c i p a t i o n  o f  d e c a l i n  i n  hydrogen d o n a t i o n  
r e a c t i o n s  h a s  taken place.  
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Table 1 llydrogenation of Anthracene Using JIz and Sytwas 
( I n i t i a l  Pressure: 70Ks/un2 .Time:45min) 

Gas 

Catalyst 

Solventc 

Trmperarure. T 350 350 350 350 400 350 400 
Anthracene conversion.% 92.8 92.2 90.0 92.4 82.8 65.9 81.0 
DIN fonned.96 68.8 74.3 14.3 66.8 47.2 65.9 67.6 
Conversion of t e t r a l in .% 3.8 - ].Ad 6.7 20.2 1.5 8.3 

2.0 8.3 CO conversion.% - -  

a Synthetic pyri te  Impregnatal with K P C O ~  soliitian 

' Fqual wt% nf each component 
D:n-Decane. E:Ethulcyclohexane. T:Tet,nlin. DL: Deralin. DIM: 9. IO-Di hydroanthracene 

Conversion of decal in  

Table 2 Coprocessing of Model Cowoonds Using lb 

(Coal Model: AnLhracene/Uenzothiophene. I n i  t ial Pre.ssurc:7OKg/anZ, Tinw45min) 

Catalyst PeS. FeSx Pel02 
/Sod'- 

Solvent' D / r ; i r  w v r  DDYI 
Tenperatwe. T 350 400 400 
Anthracene conversion.% 90.8 81.7 68.4 
Benzothiophene conversion.% 10.2 26.0 80.8 
Conversion of te t ra l in .% 11.5 13.8 13.5 
D e c a l i n  remained.% 

cis 
t r a n s  

t r a n d c i s  r a t i o  

N i b  C o b  NiMo 

D / w r  n m  m/niJr 
400 400 400 

97.0 96.8 97.2 
96.2 100 100 
38.5 33.0 16.7 

86.4 
15.0 
71.4 

4.8 

N i M o  

n o m  
400 
89.4 

100 

76.2 
13.7 
62.5 
4.6 

a hual wt% of each m n e n t  

T:Tetralin. D:n-Decane. E:Ethulcyclohexarie. W:n-Dcdemne. DL:Decalin 
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Table 3 Coprowsing of Model Canpounds Using Syngas(112:Co=1:1) 
(Coal M c d e 1 : A o t h i o p l m e .  
Initial Pressure:7OKg/an2.112O:IOwt% of Reactank. Time:45min) 

Solventb D/IX D N r  D/Yr oO/DL"I TD/DlJr D P A  Do/FJT WFJI  
Temperature. "c 350 400 400 400 400 400 400 400 

Anthracene wnv., % 80.1 70.990.1 78.9 77.8 88.3 50.2 65.6 
Benzothiophene conv..% 4.1 11.7 90.4 67.6 66.6 100 28.3 22.6 
Conversion of tetralin.96 15.4 4.0 11.3 6.6 11.4 22.1 2.6 23.2 
CO conversion.% 2.0 7.715.3 10.4 15.9 18.3 16.4 2.8 
Decalin remained 102.4 102.4 

cis 33.4 30.8 
trans 69.0 71.6 
trans/cis ratio 2. I 2.32 

a Catalyst impregnated with K2CfJ3 solution 
D:n-Decane. E:Ethylcyclohexane. T:Tetralin. a):n-Dodecane. DL:Decalin. TD:n-Tridecane 

Equal wl% of each compOnent 

Table 4 &processing of Bitminous rml with Petroleurn Solvents(425T.45min) 
(Solvent: n-Dodecane/Decalin/letral in. Solvent :Coal=4: 1) 

Hz 

Catalyst FeS. Nib NiMo" 
Coal conversion. % n9.3 87.6 84.9 
H2 coomtion.wt% of mf coal 3.1 3.1 3.9 
CO conversion.% 
Conversion of tetralin.91 17.3 10.1 - 
Conversion of I-methylnaphthalene.% - - 17.4 
Decalin renained.96 98.6 90.7 88.6 

cis 16.8 27.4 25.3 
trans 81.8 6 3 . 3  6 3 . 3  
trans/cis ratio 4.9 2.3 2.5 

cob 
83. I 
5.3 

12.9 

95.8 
27.3 
68.5 
2.5 

Fdrb Nibb 
63.7 '19.8 62.6 
0.8 -0.3 -0.2 
6.2 22.1 19.3 

14.1 8.2 - 

- 1.2 
95.7 87.2 94.5 
22.2 30.3 32.4 
73.5 56.9 62.1 

3 .3  1.9 1.9 

a Solvent: n-Lbdewne/Decalin/l -kthylnaph thal ene ' Imprwiated with I096k2UJa 
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CATALYSIS OF METAL-ION EXCHANGED Y-ZEOLITES AND MODIFIED Ni-MoIAI203 
FOR HYDROCRACKING OF PHENANTHRENE AND COAL-DERIVED DISTILLATES 
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The Pennsylvania State. University. University F'ark. PA 16802. USA 

?Research and Development Center. Osaka Gas Co.. Ltd.. Osaka 554. Japan 

Keywords: Y-zeolite catalyst, Hydrocracking. Phenanthrene, Coal-Derived distillates 

INTRODUCTION 

The liquids derived from liquefaction, pyrolysis and gasification of coals have high contents of condensed 
polyaromatic compounds and polar compounds. Even in the middle distillate fraction (MD) produced from 
the advanced two-stage coal liquefaction plant at Wilsonville, A1abama;there are considerable amounts of 
polyaromatics such as pyrene [l]. These liquids require catalytic hydroprocessing before they can be used 
as clean transportation fuels such as gasoline and jet fuels. During the last two decades, emphasis in 
selecting catalysts for coal liquids upgrading has always been given to the Ni-Mo and Co-Mo combinations, 
which are used extensively in the petroleum industry. Research has focused mainly on catalyst screening 
and evaluation, and r i le  attention has been given to investigating novel formulations [2]. 

In regard to catalytic materials. the use of zeoliies is of both fundamental and practical importance because 
of their higher surface area and unique catalytic property as compared to conventional catalysts supported 
on alumina or silica-alumina. There are numerous reports on the application 01 various zeolites in the 
catalytic reaction processes related to petroleum industry [3-41. Introducing transition metals into zeolites 
by appropriate methods wufd make the zeolite suitable for hydrocracking, and the metals can also serve to 
hydrogenate the coke prewrson rapidly and to prevent their conversion to coke deposit on the zeolite [3]. 
There are also mmmercial hydrocracking processes using zeolite-based catalysts for converting petroleum 
distillates [3], and more recently, for converting residues [5-61. However, the research work on zeolite 
catalysts in hydrocracking of polyaromatics and coal liquids is still very limited. Haynes et al. 171 Studied 
hydrocracking of prehydrogenated polycyclic hydrocarbons over Ni-W impregnated on a Y-zeolite. They 
showedthat mixtures of hydrogenated pyrenes can be hydrocracked over Ni-WN catalyst. Kikuchi et al. [SI 
studied hydrocracking of phenanthrene using Lay catalyst in the presence of H-donor tetralin solvent. 
They showed that this catalyst can significantly promote phenanthrene conversion I tetralin was present. 
otherwise Ni-MolAlpOg was much more active than Lay. Our preliminary work has shown that some 
transition metal-ion exchanged Y-zeolites show some unique catalytic activity for hydrocracking of 
polyaromatcs [9-101 as compared to other catalysts [10-12]. The work reported here aimed at clarifying the 
effects of loading small amounts of metals on the catalytic activity of Y-zeolite. In this work, we prepared 
several metal-loaded Y-zeoliies by ion-exchange and evaluated the effects of these zeoliie catalysts and of 
two third-generation commercial Ni-Mo catalysts in hydrocracking of phenanthrene, which is a typical 
polyaromatic component in liquids from pyrolysis and liquefaction of coals. Some of the catalysts were 
further examined in hydrocracking of a coalderived middle distillate fraction which is rich in polyaromatics. 

EXPERIMENTAL 

The metal-ion exchanged Y-zeolites were prepared by mixing ammonium-exchanged Y-zeolite, NHbY 
(Si02/A1203 mol ratio: 4.6) and 0.25 M aqueous solutions of Ni(N03)2,6H20, Fe(N03)3,9H20, or 
La(N03)3,6H20. The mixtures were agitated at 85°C for 2 h and then filtered. The ion-exchanged 
zeolites were washed with distilled water, dried at 120% for 2 h and then calcined in air at 500% for 4 h. 
Two commercial Ni-Mo catalysts were sulfided with 6% CS2 in ndodecane at 250% lor 2 h and 300°C for 
3 h under 100 psi Hp, and used in phenanthrene hydrocracking. The chemical composition of both the 
metal-ion exchanged zeolites and supported Ni-Mo or Co-Mo catalysts was determined by inductively 
coupled plasma - atomic emission spectrometry (ICP-AES. Seiko Denshi Kogyo. JY-48P-SPSl lOO). The 
Surface analyses of the zeoliie catalysts. unsulfided and sulfided Ni-Mo catalysts were also conducted by 
X-ray photoelectmn spectroscopy (XPS; Shimadzu ESCA-850. MgKa ) and scanning electron microscope 
- electron probe microanalysis (SEM-EPMA; Nihon Denshi, JXA-733). 
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Hydrocracking of phenanthrene was carried out at 400°C for 1 h with 1000 psi H2 (cold) in a 100 ml 
autoclave with phenanthrene (4 9). n-heptane soivent (10 ml) and a catalyst (2 9). The gaseous products 
were analyzed by GC. The liquid and solid products were analyzed by capillary GC-MS (Shimazu QP-1000 ) 
and capillary GC (Shimazu 9A ). The used catalysts were washed by methylene chloride solvent, dried in 
vacuum oven at 1 OOOC, and analyzed for cahnaceous deposits by combustion method. 

We also used a coalderiied distillate sample (b.p. 204443°C). which was produced from two-stage 
liquefaction of Ireland Mine coal at Wilsonville two-stage liquefaction plant using Shell 324 Ni-Mo catalyst 
111. Hydrocracking of Wilsonville middle distillates (WI-MD) was carried out at 400% for 1 h with 1500 psi 
H2 (cold) in 20 ml microautocakes with 2 g feedstock and 0.4 g catalyst. The zeolite catalysts (NH-Y, FeH- 
Y) were exposed lo  the feedstodc in the microautoclave for about 20 hours before the reaction. The gas 
produds were analyzed by GC. The liquid products were characterized by capillary GC-MS using a Kratos 
MS80 GC-MS system. 

RESULTS AND DISCUSSION 

Catalyst Characterization 

In general, the extent of metal-ion exchange depends on the conditions and the samples used. In this 
work, the contents of metals of the prepared catalysts, and the change in chemical composition of the Y- 
zeolite framework before and after the metal-ion exchange were determined by using the ICP-AES 
technique. As shown in Table 1, the introduction of Ni, Fe and La into the NH4-Y zeolite by ion-exchange 
was successful and the contents of these three metals in the finished catalysts are 3.6 (NiO), 4.4 (FepO3) 
and 8.4 (La203) wPh, respectively. For NiH-Y and LaH-Y catalysts. the SiO2/A12Q ratios of the zeoliies are 
similar to the original NHqY or H-Y. However, in the case of FeH-Y. the content of AI& is significantly less 
and the Si02/A1203 ratio is substantially higher than the other two catalysts. This indicates that the 
preparation of FeH-Y was accompanied by remarkable dealumination from zeolite framework. probably due 
to the higher acidity of the aqueous solution with Fe(N@)3.9H20 and NH4-Y. In fact, we measured the pH 
of the aqueous solutions of the Fe, Ni and La salts before ion exchange, which were 1.1, 3.5, and 4.2, 
respectively. It is known that steam or acid treatment can cause dealurnination of Y-zeolite [13]. 

SEM indicated that the size and shape of the three metal-ion exchanged zeoliies are very similar to that of 
H-Y (un-exchanged). XPS spectra of NiH-Y and FeH-Y clearly showed a strong signal of Ni and Fe on the 
zeolite surface. The binding energies for AI 2p or Si 2p of NiH-Y and LaH-Y are similar, while the intensity of 
AI 2p for FeH-Y is very low (with high noise signals), 72 cps as compared to 730 cps for AI in NiH-Y and 636 
cps for AI in LaH-Y. This is considered to be due to the very low content of AI in FeH-Y, being consistent 
with the finding from ICP-AES. Surprisingly, ICP-AES indicated that LaH-Y contains 8.4 wt% La2O3, but 
XPS showed that the intensity of La on the surface is very low. However, it was found that when the 
etching technique was applied in XPS (for the depth distribution from surface lo the bulk), the intensity of 
the peak of La increased remarkably with increasing etching time from 0.4 to 1.2 min, whereas there was 
little change in the relative intensity of peaks for AI and Si in LaH-Y with etching from 0 tol.2 min. These 
resuns clearly indicate that the concentration of La in the bulk or framework is higher than that on the zeolite 
surface. We also examined two alumina-supported NiMo catalysts obtained from two catalyst companies. 
which are currently being used in many commercial plants for hydroprocessing of petroleum feedstocks. 
Detailed analyses by ICP-AES, SEM-EPMA and other techniques revealed that one of the third-generation 
NiMo catalysts contains P, and the other contains E. It is clear from the figures in Table 1 that B or P was 
intensionally added to improve the catalyst property or performance. XPS analysis showed that spectra 
pattern of the MO 3d doublets of the two catalysts is similar to each other, but the Ni 2p peak for the P- 
modified NiMo is relatively sharper, suggesting a better dispersion ol Ni. 

Phenanthrene Hydrocracking 

In this wok. we examined the catalytic effects of the metal-ion modified Y-zeolites (NiH-Y, FeH-Y. LaH-Y) 
and H-Y for hydrocracking of phenanthrene The catalytic activity of these zeolites was also evaluated by 
comparing with two commercial Ni-Mo catalysts. Numerous products were formed during the catalytic 
hydrocracking of phenanthrene. These products can be classified into the following groups: 1) C1C4 
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gases; 2) C5-C7 aliphatics; 3) alkylbenzenes; 4) alkyttelralins and alkylindans; 5) alkylnaphthalenes; 6) 
alkylbiphenyls; 7) unsym-octahydrophenanthrene and octahydrophenanthrene isomers; 8) sym- 
octahydrophenanthrene; 9) methylbenzoindanes; 10) tetrahydrophenanthrene; 11) dihydro- 
phenanthrene; 12) phenanthrene; 13) alkylphenanthrenes; 14) carbonaceous deposits; and the others. 
Figure 1 shows some typical results of GC-MS and GC analysis of products from hydrocracking of 
phenanthrene with different catalysts. Table 2 is a summary of the results with all the catalysts. As can be 
seen from Figure 1 and Table 2, the product distribution and phenanthrene conversion strongly depend 
on the metal introduced into the Y-zeolites. When H-Y is used, alkylbenzenes and alkylnaphthalenes were 
obtained as major hydrocracked products together with c1  -C4 gases. The La-exchanged zeolite. LaH-Y 
(Figure le), gave similar results to those with H-Y. Yields of alkyltetralins were very low but more than 
lOwt% of methyl and dimethylphenanthrene.were formed with LaH-Y and H-Y. probably due to 
transalkylation between alkylnaphthalenes or alkylbenzenes and phenanthrene. Interestingly, introducing 
Ni to Y-zeolite significantly promoted the hydrocracking activity. as can be Seen from COinpadSOn of Figures 
1A with 1B. In fact, NiH-Y afforded much higher conversion and higher yields of BTX, especially toluene. 
Moreover, not only alkylnaphthalene but also tetralin and methylindanes were obtained as two-ring 
hydrocracked products with NiH-Y. On the other hand, FeH-Y showed quite a different catalytic behavior as 
compared to H-Y, NiH-Y and LaH-Y. While naphthalene was also produced with FeH-Y. the major products 
are dihydro- and tetrahydro-phenanthrene. The formation of alkylphenanthrenes and carbonaceous 
deposits was suppressed significantly with FeH-Y. These results indicate that FeH-Y has a very low acidity 
as compared to the other zeolites, probably due mainly to the dealurnination as revealed by ICP-AES. The 
nrns over supported Ni-Mo catalysts afforded partially hydrogenated phenanthrene as main products 
(Figure 1 and Table 2). and the major cracking products are alkyltetralins, cyclohexylphenylethane. 
cyclohexylbenzene, and alkylbiphenyls together with small amounts of alkylnaphthalenes. While the two 
catalysts from different sources have dtferent metal contents. it appears that the P-modified catalyst shows 
higher hydrogenation activity than the 6-modified one but the latter has a relatively higher cracking ability 
than the former (Table 2). We have observed a similar trend for P- and B-modlied Co-Mo/AlpO3 catalysts 
19-lo]. Comparison of Figure 1A with Figure 1C reveals that NiH-Y has much higher hydrocracking activity 
than the industrial Ni-Mo hydroprocessing catalyst. 

The differences in product distribution also reflect the Occurence of different reaction paths. It is worthwhile 
noting from Figure 1 and Table 2 that yields of alkylbiphenyls are considerably lower with the Y-zeolite 
catalysts, probably because the ring-openning cracking of dihydrophenanthrene is difficult with the 
catalysts having strong acidity, such as H-Y, NiH-Y and LaH-Y. This consideration is also supported by the 
fact that considerable amounts of biphenyl and cyclohexylbenzene were formed with the relatively less 
acidic Ni-MolAl203 (Figure 1. Table 2), probably via the hydrocracking of the central ring in 9,lO- 
dihydrophenanlhrene. The relalively higher yields of alkylnaphthalenes with LaH-Y and H-Y suggests a 
major hydrocracking path via tetrahydrophenanthrene. whereas the higher yields of alkyltetralins and 
cyclohexylphenylethane (Figure 1) with the NiMo catalysts implicate the paths of hydrocracking via sym- 
and unsym-octahydrophenanthrene. It seems that both these two paths exist for the hydrocracking with 
NiH-Y catalyst, probably because it has both high acidic cracking ability and high hydrogenation activity. 
Since the critical diameter of phenanthrene is 7.9 A [;1 which is similar to the diameter of Y-zeolite (about 8 
A), the hydrocracking reactions with H-Y may have been associated mainly wah the external surface of the 
zeolite. The metal-ion exchange may induce some dealurnination. which could generate some mesopores 
in the zeolite [SI. ICP-AES clearly indicated the dealurnination during the preparation of FeH-Y. At the 
present stage, it is not clear wheather this occured during the preparation of NiH-Y and LaH-Y. but the 
'apparent" Si02/N& ratios of these two zeolites are similar to that of H-Y. 

Hydrocracking of Wilsonville Middle Distillates 

From the above results, it is clear that the zedite ionsxchanged with Ni or Fe exhibits distinctly dfferent 
catalyiic acliWity as compared to LaH-Y and H-Y. We further examined NiH-Y and FeH-Y for hydrocracking of 
WI-MD. which has a boiling range of 204-34°C. Because it was produced from direct liquefaction of coal 
and because of the co-boiling phenomena, it has high contents of polyaromatic materials [l]. The 
hydrocracking of WI-MD was conducted at 40OOC with 1500 psi H2. In order to derive useful data on the 
applicabilio of the zeolitic catalysts for converting WI-MD, the FeH-Y and NiH-Y were immersed in the WI- 
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MD for over 20 hours before the reaction. This was intended to deactivate the active sles in the ZeOlh 
catalysts which would be poisoned upon contact wlh coalderived distillates in a continous reactor. In this 
way we mhht be able to see the activity level of the active sites which are not poisoned by the adsorption 
of polar and polyammatic materials. Figure 2 shows the GC-MS total ion chromatogram of the liquids from 
a noncataiyk run and catalytic runs. The GC-MS profile of the liquids from a noncatalytic run of WI-MD 
(Figure 2A) is very similar to the original sample [l]. Both samples contain very limited amounts of 
aliphatics. and are rich in polyaromatics. The most predominant peak appeared in GC-MS total ion 
chromatogram in Figure 2A (scan No. 3683, retention time: 59:31 min) is pyrene. The use of FeH-Y. after 
its 20 h exposure to WI-MD prior to reaction. did not alter the liquid composition to any signilkant edent. 
On the other hand, using NiH-Y catalyst significantly promoted the hydrocracking reactions. and resulted in 
a dramatical change in the composition of liquid products. The major products identified by GC-MS include 
alkylcyclohexanes. alkylbenzenes, tetralin and naphthalene and their homologues. 

CONCLUSIONS 

In summary, l has been found that NiH-Y. the proton form Y-zeolite loaded with Ni by ion exchange, shows 
much higher activity for phenanthrene hydrocracking than LaH-Y. H-Y, FeH-Y and commercial. 6- or P- 
modified NiMo/AlpOg hydroprocessing catalysts. The test with WI-MD also revealed that NiH-Y has high 
hydrocracking activity for converting the middle distillates derived from direct coal liquefaction. While some 
problems such as coking and pore size limitations remain to be solved, the preliminary results showed that 
some metal-ion exchanged zeolites can be promising hydrocracking catalysts. In future we hope to 
explore novel zeolitic catalysts with desired activity and performance for converting coalderived distillates 
into transportation fuels. 
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Table 1. Chemical Composition of the Metal-Ion Exchanged Y-zeolites and S u p p e d  Ni-Mo/A1203 
Catalysts Determined by IB-AES 

NiH-Y FeH-Y I wt%, dry W - Y  IH-Y P-Modified 

NiMolAl20j 

3.7 

B-Modified 

NiMolAl2@ 

2.4 

LaH-Y 

8.4 
I 18.5 9.2 
I 

Si@ 

A1203 

, Na2O 

66.5 

24.7 

0.3 

68.2 71.8 

7.8 

12.2 

4.70 I 69.46 
I 

4.56 

I SA, m2/g 719 I 646 665 342 662 162 268 
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Table 2. Results of Catalytic Hydrocracking of Phenanthrene at 400°C with 6.9 MPa H 2  

S-NiMo/ S-NiMo/ 
Catalyst H-Y NiH-Y FeH-Y LaH-Y A1203-B203 A1203-P205 

2.4 

0.4 

1.0 

0.7 

4.4 

0.2 

0.7 

0.5 

2.0 

1.3 

1.8 

53.3 

11.2 

11.5 

46.7 

8.5 

0.4 

6.9 

4.4 

6.3 

0.4 

2.9 

2.4 

3.6 

2.7 

2.4 

19.3 

8.7 

11.3 

80.7 

0.2 

tr. 

0.1 

0.2 

1.0 

0.1 

0.2 

tr. 

0.7 

4.6 

6.2 

80.4 

1.1 

2.5 

19.6 

2.2 

0.6 

1.4 

0.7 

3.8 

0.1 

1.4 

0.5 

1.9 

1.2 

1.9 

54.0 

10.3 

11.3 

46.0 

0.5 

0.2 

1.5 

4.4 

1.8 

1.3 

8.1 

6.2 

1.9 

16.7 

7.6 

31.6 

1.0 

3.6 

68.4 

0.4 

tr. 

1.7 

3.3 

0.8 

1.8 

9.0 

11.8 

1.0 

17.0 

10.1 

30.5 

0.4 

3.2 

69.5 
~ ~ ~ ~ 

a) R, R1 and R2 mean alkyl groups or hydrogen. b) Including cyclohexyl 
phenylethane and cyclohexylbenzene. c) Unsym-octahydrophenanthrene. 
d) Sym-octahydrophenanthrene. e) Including some unknown components with 
molecular weight (by GC-MS) of 182. f )  Amount of carbonaceous deposits 
on catalyst as determined by combustion method. 
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Figure 1. Compbsition of products from hydrocracking of phenanthrene over NM-Y (A), 
LaH-Y (B) and commercial, B-modified NiMo/A1203 (C) catalysts (PI: M2Cl2 solvent: 
4: n-heptane solvent) 
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Figure 2. GC-MS TIC of liquid products from hydrocracking of Wilsonville middle distillates 
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ABSTRACT 

Novel ultrafine particles (UFPs) of iron carbide have been synthesized and 
evaluated for their catalytic activity in coal liquefaction. The particles, 
with average diameters of 5 - 10 nm, were prepared by the laser driven 
pyrolysis reactions of ethylene and iron pentacarbonyl. Two different 
crystalline phases, Fe7C3 and Fe& have been prepared and these 
unsupported catalysts have been characterized using a range of analytical 
techniques. Results of microautoclave studies indicate the high catalytic 
activity of these UFPs for coal liquefaction compared to iron added as iron 
pentacarbonyl, and to a thermal baseline. The transformation of the 
catalyst under liquefaction conditions in the presence of sulfur is 
reported. The presence and catalytic role of monolayer pyrolytic carbon 
coatings formed on the catalyst surface during laser synthesis will also 
be addressed. 

~ 

INTRODUCTION 

The primary use of highly dispersed slurry phase catalysts is in the first 
stage of a two stage liquefaction process. The preferred catalyst is one 
that will aid in the conversion of the coal to soluble products which may 
then be further upgraded in the second stage to more useful products using 
conventional supported catalysts. 
should improve product selectivity, allow increased throughput, and yield 
a first stage product which will reduce the rate of catalyst deactivation 
in the second stage. 
offer an efficient means of liquefying low rank western U. S. coals which 
can produce more desirable products [1,2] and reduce second stage 
catalyst deactivation [3]. Subbituminous coals are generally found, 

A successful slurry phase catalyst 

The effective use of a slurry phase catalyst may also 
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however, to convert at a lower rate and to a lesser extent than higher rank 
Coals. This is purported to be caused by an imbalance in the rates of bond 
cleavage and hydrogenation. 
phase catalyst may be able to correct this imbalance. 

Historically, the oxides and sulfides of molybdenum, tungsten and the iron 
group metals were among the first catalysts used in coal liquefaction. 
Molybdenum compounds are generally considered to exhibit higher activity 
in dissolution and hydrogenation than iron compounds. However, due to the' 
higher cost of the molybdenum and the fact that dissolution catalysts are 
not easily recovered, iron based catalysts are usually preferred for 
industrial operations. 

Dissolution promoted by an effective slurry 

Since the catalytic process takes place at the surface-liquid interphase, 
the amount of surface area available for reaction is critical. 
increasing the surface area per unit volume the relative activity of a 
catalyst may be increased. In supported catalysts this is often done by 
depositing the catalyst over a high surface area porous substrate such as 
alumina or a zeolite. Unsupported catalysts, on the other hand, can 
present a high surface area by maintaining a high dispersion. The majority 
of the active catalyst surface is on the outside of the particles and 
therefore is not subject to pore diffusion limitations. Further, ultrafine 
particles,. measuring only a few nanometers in diameter, may exhibit 
markedly different properties than bulk particles of the same composition 
and may therefore present a means to improve the activity. 

The current research program is concerned with the production of 
ultrafine iron carbide particles by laser pyrolysis and their catalytic 
behavior as related to composition, structure, size, and other properties. 

By 

EXPERIMENTAL 

PARTICLE SYNTHESIS 

The use of laser pyrolysis for ultrafine particle synthesis was first 
performed by Haggerty and co-workers [4] for the production of silicon- 
containing ceramics. The technique was later adopted by researchers at 
Exxon who used it to produce transition metal carbide particles for use as 
catalysts in synthesis gas reactions [5,6]. One such carbide described in 
an Exxon patent was Fe3C. To produce this carbide a stream of the 
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reactant gases, ethylene and iron pentacarbonyl (Fe(CO)s), was intersected 
with a tunable cw CO2 laser. The same method was used in the present 
research. Approximately 5% of the incident energy from the laser is 
adsorbed by the ethylene. The added heat causes the thermal 
decomposition of the iron pentacarbonyl which leads to the formation of 
ultrafine (2-20 nm) spherical iron carbide particles. 
mechanism of the particle formation is still under investigation. 

The exact 

The apparatus used for the synthesis of these particles has been described 
previously [7]. The reaction cell is shown in Figure 1. Particles generated 
in the reaction volume were originally collected on a teflon membrane 
filter. In this system the production limiting factor was the pressure 
drop across the filter. 

The collection mechanism has since been improved to allow for production 
of large (>lg) batches of particles. A large magnet, placed upstream of 
the previously used teflon membrane filter, effectively traps most of the 
particles in a sample chamber. This sample chamber may be sealed and 
removed from the system when full and the particles may then be 
passivated (see Results and Discussion). The use of the magnetic trap is 
possible due to the ferromagnetic properties of the particles. However, 
this ferromagnetism leads to particle agglomeration which may adversely 
affect dispersion in liquefaction experiments. 

LIQUEFACTION 

Since it has been reported that some transition metal carbide catalysts 
resist sulfiding under liquefaction conditions [8,9], coal-free experiments 
were conducted to determine the catalyst behavior under both sulfiding 
and nonsulfiding conditions. These experiments were carried out in 18 
mL batch microautoclaves, in the absence of coal, with 4 wP/, Fe7C3 in 5 g 
of tetralin. with and without sulfur added as dimethyldisulfide (DMDS) at 
twice the stoichiometric ratio required for formation of FeS2. The 
reaction conditions used in this study were 385 "C with 800 psig '(cold) 
hydrogen pressure and the reaction time was 30 minutes. 

The liquefaction experiments were conducted in the same batch 
microautoclaves using 3 g of a subbituminous Wyodak coal and 5 g of 
tetralin. The reaction conditions were the same as the coal-free runs and 

1902 



the reaction time was 15 minutes. 
Fe7C3 and Fe,C, were used in the study. A thermal run and a catalytic run 
using Fe(C0)s were also made for comparison. The catalyst loading was 1 
wt % Fe, as determined from precursor stoichiometry, and 
dimethyldisulfide (DMDS) was added in 20 % excess for the formation of 
FeS2. The addition of DMDS was based on the results of the previous coal- 
free experiments with added sulfur. The conversions (daf) of the coal 
liquefaction runs were determined using solubility in pyridine 
(preasphaltenes), benzene (asphaltenes), and pentane (oils). Gas yields 
were determined by gas chromatography. 

RESULTS AND DISCUSSION 

Two passivated iron carbide catalysts, 

Two distinct phases of iron carbide particles, orthorhombic Fe3C and 
metastable hexagonal Fe7C3, have been synthesized. These particles have 
been characterized by XRD, transmission electron microscopy. electron 
diffraction, and Mossbauer spectroscopy. The phase and size of the 
particles is controlled by the gas flow rate, pressure and laser intensity. 
Adjustment of these parameters allows the control and reproducible 
production of different size ranges and both phases. 

The particles are formed with a thin layer of pyrolytic carbon coating the 
surfaces of the particles. The particles are also pyrophoric which 
necessitates their passivation prior to exposure to air. 
process involves the gradual introduction of 10% 0 2  in helium with . 

constant temperature monitoring to prevent runaway reaction. While the 
effect of the process on the carbon coating is unclear, X-ray 
photoelectron spectroscopy (XPS) has shown that the passivated particles 
possess a surface layer of Fe304. 

The passivation 

The results of the coal-free experiments showed that the iron carbide 
particles will sulfide under liquefaction conditions in the presence of 
added shfur to form pyrrhotite. 
coal will not prevent this transformation from occurring, MBssbauer 
spectroscopy of the liquefaction residues are being done to provide 
evidence of the final state of the catalyst after reaction. Particle 
growth, as shown by SEM micrographs and the narrowing of X-ray 
diffraction lines (Figure 2), is seen in both the coal-free runs. TEM 
micrographs of the particles formed in the absence of sulfur confirm the 
increase in size due to the agglomeration of the smaller particles. The 

While it is believed that the addition of 
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larger particles have a relatively narrow size distribution and appear to 
be made up of the small particles which have agglomerated to form 
spheres around a hollow or carbon center. The XRD analysis indicates that 
in the absence of added sulfur the catalyst undergoes a phase change to an 
iron carbide, or mixture of carbides, and some Fe30.1. It seems unlikely 
that this oxide phase could have been produced in the reducing atmosphere 
present in the reactor. Its presence may be due to the fact that the 
surface oxide layer on the passivated particles was not effectively 
reduced or it may be an artefact of sample handling. In the presence of 
added sulfur the Fe7C3 is converted to pyrrhotite and sintering is again 
observed by SEM and XRD. TEM micrographs show that the sulfided 
catalyst exists as both small particles and as larger agglomerated 
crystals. 
stoichiometry of Feo.&, or approximately Fe&, for the pyrrhotite. The 
rate of the conversion to pyrrhotite is not known. 
this transformation is under investigation. 

Energy dispersive X-ray analysis indicates an approximate 

The effect of coal on 

Based on the results from the coal-free experiments with sulfur, excess 
sulfur was added in the liquefaction experiments to allow for the 
catalyst transformation to pyrrhotite, since pyrrhotite has widely been 
reported to be the active form of iron catalysts. Table 1 shows the 
results of the liquefaction experiments. When compared to the thermal 
run and a run using iron carbonyl as the catalyst precursor, both carbide 
forms showed enhanced total conversion. This increase in conversion may 
be more significant than these results indicate since the pyrolytic carbon 
coating has been suggested by the results of thermogravimetric analysis 
(TGA) to account for approximately 30 % of the particle weight. The 
exact quantity of carbon in the coating is being determined by current 
experiments. 
carbide precursors was then approximately 0.75 wt. %. This shows higher 
conversion at lower iron loading for the heterogeneous iron carbide 
precursors compared to the homogeneous iron pentacarbonyl precursor. 
The result corresponds with other research [lo-121 which has shown that 
aerosol iron oxide precursors produce higher activity than organometallic 
or salt precursors. This may be due to the unexpectedly large (70 -110 
nm) crystallites which are reportedly formed by the soluble precursors 
and the relative stable size of the particle precursor. The reason for the 
larger crystallite formation by the soluble precursors is not understood 
at present. In addition to the higher overall conversion, there are also 
some differences in the product selectivity. 

The corrected iron loading for the catalytic runs with iron 

The catalytic effect, if any, 
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of the carbon coating has not been determined. 

Comparing the data from these experiments to the work of Keogh and 
Davis [13] plotted on a Wei-Prater diagram (Figure 3), a similar, but 

. slightly different, pathway from the subbituminous pathway seems to be 
shown. The reason for this deviation is unclear at present. Since the 
deviation in the trend is present in the thermal baseline as well as the 
catalytic runs, it is expected that a difference in the coal andlor reactor, 
rather than the catalyst, is the cause. However, it is clearly seen in this 
plot that the addition of the iron carbide catalyst precursors increase the 
rate of progress along the proposed pathway with Fe7C3 progressing 
furthest in the 15 minute runs. The high conversion is particularly 
promising since no efforts have been made to maximize or stabilize the 
precursor dispersion in the slurry. 
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Table 1 Conversion Analysis of Liquefaction Experiments 
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Fig. 1. Schematic Laser Pyrolysis Cell. 
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Flgure 2. X-Ray Dlffractlon of Iron Carblde 
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Figure 3. Liquefaction Data Compared to Reported Pathways 
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ABSTRACT 

A naphtha derived from the liquefaction of a subbituminous (Black Thunder) and a 
bituminous coal (Ill. #6) was hydrotreated on a pilot plant scale, to provide a feedstock 
sufficiently low in heteroatoms for further studies in reforming. Two commercial catalysts, 
a Ni/Mo and Co/Mo on alumina, were employed in the processing of the naphtha 
samples. The Black Thunder naphtha was processed for over 120 hours for two passes 
using a Co/Mo catalyst and once using a Ni/Mo catalyst. For this naphtha, the nitrogen 
removal was extremely difficult using the catalysts and conditions employed in this study. 
An average of 51.6% of the nitrogen was removed for the three passes. The oxygen 
compounds in this naphtha were relatively easily removed. During the first pass over the 
Co/Mo catalyst, 94.0% of the oxygen was removed. Further processing during the next 
two passes using a Co/Mo and a Ni/Mo catalyst further reduced the oxygen content by 
54% and 40% respectively. 

INTRODUCTION 

The dominance of gasoline as a transportation fuel in the United States dictate that 
any viable coal liquefaction technology must produce a naphtha feedstock that can be 
upgraded for gasoline production. The concept of what a "good" gasoline is has 
changed over the decades depending on availability of crudes, environmental concerns, 
etc. One of the major problems associated with a naphtha derived from processing coal 
is the high heteroatom content. In order to reform a coal-derived naphtha, the 
heteroatom content must be further reduced by hydrotreating. 

HDN and HDO has been studied extensively using model compounds to determine 
the mechanism (1-3) and for evaluation of catalysts (4). However, few studies have 
addressed the upgrading of coal-derived naphtha on a pilot plant scale.(5). In the 
present study, the hydrotreatment of a subituminous coal-derived naphtha was 
catalytically hydrotreated in the CAER pilot plant. Two commercial hydrotreating catalysts 
(Ni/Mo and Co/Mo on alumina) were employed in this study. 
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EXPERIMENTAL 

NaDhtha Feedstock 

Three, 55 gallon drums of the naphtha were obtained from the Wilsonville, Alabama 
Advanced Integrated Two Stage Liquefaction pilot plant. me naphtha hydrotreated was 
obtained from processing a Black Thunder coal (subbituminous). 

Pilot Plant ODerations 

The naphtha was hydrotreated in the reconfigured CAER 1/8 tpd liquefaction pilot 
plant. The process diagram is shown in Figure 1. The plant consists of the following 
sections: (a) feed delivery (naphtha, H,), (b) reactor, and (c) high and low pressure 
separators. The reactor was charged with 2 kg of catalyst and operated in a fixed bed 
down-flow configuration for the hydrotreating operations. 

The first catalyst employed was a commercial Co/Mo on alumina catalyst 
(American Cyanamid HDS-144%. 1/16 x 114" pellets). The second catalyst studied was 
a commercial Ni/Mo on alumina catalyst (Akzo KF-840 1.3Q). 

beginning of hydrotreating operations. During the presulfiding operation, a flowrate 30 
ft3/h of the H,S/H, mixture was used. The reactor temperature was rapidly increased to 
175OC followed by a 25'C/h ramp. During these operations, the composition of the gas 
stream exiting the plant was continuously monitored for the H,S breakthrough by an on- 
line gas chromatograph. During the ramping of the reactor temperature, the data 
obtained from the GC indicated that no additional H,S was being absorbed by the 
catalyst. At this point, the temperature was increased to 375OC and held at this 
temperature for 90 minutes. The reactor temperature was then cooled to 300°C and the 
inlet gas stream was switched to hydrogen using a flowrate 5 ft3/h prior to the start of 
naphtha processing. The same presulfiding procedure was used for operations with the 
Ni/Mo catalyst. 

Both catalysts were presulfided using a mixture of 3% H,S in hydrogen prior to the 

The processing conditions for the three pilot runs are given in Table 1. During 
naphtha processing, daily samples from the low pressure separator (V-451) were 
obtained for analysis. The pilot plant was placed under nitrogen at a system pressure of 
360 psig prior to the beginning of the second hydrotreating run. Prior to the third pilot 
plant run, the Co/Mo catalyst was replaced by the Ni/Mo catalyst. 

processed. Collection of the hydrotreated naphtha from each pass into the product 
barrel was initiated upon the attainment of steady state conditions as indicated by the 
process variables and the nitrogen content of the daily samples. The feedstock for the 
second pass using the Black Thunder naphtha was the product barrels obtained during 
the first pass. The feedstock far the third pass using the Ni/Mo catalyst was the 
hydrotreated product from the second pass. 

During the hydrotreating operations, two barrels of the Black Thunder naphtha was 
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Oxygen analyses were performed using the FNAA method and were provided by 
the University of Kentucky Radioanalytical Services. Trace level nitrogen was analyzed 
using a Xertex DN-10 total nitrogen analyzer equipped with a chemiluminescence 
detector. 

RESULTS AND DISCUSSION 

Black Thunder Hvdrotreatment 

The nitrogen content of the hydrotreated naphtha (daily samples) obtained during 
the three passes are shown in Figure 2. The data clearly show the difficulty in removing 
the nitrogen from the naphtha using either the Co/Mo or Ni/Mo catalysts using these 
process conditions. During the initial pass, only 43% of the nitrogen was removed from 
the naphtha. The amount of nitrogen during the second pass was only marginally better 
(51 %). Switching to a Ni/Mo catalyst and using the same process conditions did increase 
the nitrogen removal to 61%. However, after three passes, the nitrogen content of the 
hydrotreated naphtha remained at an average level of 383 ppm. The average nitrogen 
removal was only 52% for all three passes. Based on these data, it was projected that to 
obtain a hydrotreated product containing 2 ppm nitrogen, the naphtha would have to be 
processed 10 times (Figure 3). Clearly, hydrotreatment of the Black Thunder naphtha will 
require more severe conditions than are normally employed in petroleum refining to 
obtain a final product in which the nitrogen content is sufficiently low for further upgrading 
by reforming. 

The amount of oxygen in the hydrotreated Black Thunder naphtha is shown in 
Figure 4. Although the oxygen content of the original naphtha is high (2.01%). 94% of the 
oxygen was removed during the first pass to yield a product containing .11% oxygen. 
The second and third pass (Mi/Mo) removed an additional 54% and 40% of the oxygen to 
produce a final hydrotreated naphtha containing .03% oxygen. The results indicate that 
the majority of the oxygen was easily removed during the first pass using the Co/Mo 
catalyst and low oxygen content of naphtha feedstock not substantially improve the 
amount of nitrogen removed during the second pass. 

It is apparent from these data, that oxygen is easily removed from the Black 
Thunder (subbituminous coal) naphtha. The nitrogen compounds found in this naphtha 
are more difficult to remove during hydrotreating using a WHSV of 1 and a reaction 
temperature of 403°C. The data also suggests that the HDN process did not substantially 
inhibit the HDO process using either the Co/Mo or Ni/Mo catalysts under these 
conditions. 

CONCLUSIONS 

The resulting data from the hydrotreatment of a Black Thunder naphtha indicate 
that the removal of nitrogen is difficult. To obtain a nitrogen content of less than 10 ppm 
require process conditions which are more severe than normally associated with 
petroleum hydrotreating. In contrast to the difficulty in obtaining a low nitrogen product, 
oxygen is relatively easy to remove from the Black Thunder naphtha. It is apparent from 
these data that new catalysts will have to be developed for the processing of coal-derived 
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naphtha to obtain a sufficiently heteroatom free product using common industrial process 
conditions. 
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TABLE 1 

Process Summary 

Black Thunder 
Hvdrotreatment 

Pass # Feed Rate WHSV Temp Pressure 
LRun Hours) Catalvst (#/hr) # feed/# catalvst/hr lDsial 

1 (0-165) CoMo 4.0, 4.5 .9. 1.0 418 2010 
2 (0-143) CoMo 4.0, 4.5 .9, 1.0 418 2010 
3 (0-127) NiMo 4.5 .8 403 2000 
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Figure 1. CAER Pilot Plant configuration for naphtha hydrotrcating. 
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INTRODUCTION 

The Clean Coal Research Center at Wilsonville, Alabama, has been 
operating for over 17 years to develop alternate technologies for 
producing low cost fuels from coal. 
close-coupled integrated (CC-ITSL) configurations using the 
thermalfcatalytic or catalyticfcatalytic mode of operation were 
discussed in an earlier article'. 

This paper is primarily focused on the high-volatile bituminous 
coal performance at steady-state operation with catalyst 
replacement in the catalyticfcatalytic mode. 
developments results from eight runs are discussed: Runs 251-1, 
252, 253, 254, 256, 257, 259 and 261. Runs 251-1, 252, 253, 257 
and 261 processed a normally mine-washed high-ash Illinois No: 6 
coal with four bimodal and one unimodal catalysts (Amocat lA, 
Amocat lC, Shell 317, EXP-AO-60 and Shell 324). Runs 254 and 256 
processed an additionally cleaned Ohio No. 6 coal with Shell 317 
and 324. Run 259 processed an additionally cleaned low-ash 
Pittsburgh No.8 coal with Shell 324 and Amocat 1C. 

The primary objective of this study is to maximize the distillate 
production with good quality in order to improve the process 
economics. 
improving coal reactivity, catalyst conversion activity, and 
distillate selectivity. 
for this study are summarized in Table 1. The coal cleaning 
procedure was reported elsewhere'. 
Amocat and Shell Ni-Mo catalysts tested are shown in Table 2. 

Process developments of 

Process 

The distillate production can be enhanced by 

Typical analyses of feed coals processed 

Properties of EXP-AO-60 , 

PROCESS DESCRIPTION 

The current catalytic close-coupled integrated two-stage 
liquefaction (CC-ITSL) process consists of two H-OIL' ebullated- 
bed reactors and a Residuum Oil Supercritical Extraction-Solids 
Rejection (ROSE-SRhm) unit3. Both the reactor designs utilize W- 
OILmm8 technology supplied by Hydrocarbon Research, Inc. The 
ebullated-bed design helps to maintain a uniform temperature 
distribution in the reactor. The ROSE-SRhm is a proprietary 
extraction process at conditions close to the critical point of 
the deashing solvent. It was developed and licensed by the Kerr- 
McGee Corporation. 

RUN EXPERIMENTS 

Key process variables studied are listed below to maximize the 
distillate yield and production. 

(1) Combined activity of coal and catalyst - Illinois, Ohio, Pittsburgh 
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- unimodal Shell 324 

- additionally cleaned low-ash coal 
Steady-state operation with catalyst replacement - 1.5 to 4 lblton MF coal per stage 
Recycle resid concentration in the process solvent 

Lowlhigh and highllow thermal severity modes 
Vacuum gas oil recycle 
Coal space velocity 

Reaction temperature 

Inlet hydrogen partial pressure 

bimodal EXP-AO-60, Amocat lC(/lA), Shell 317 

- 40-50 Wt % 

- 28-76 lb MF coallhrlcuft-cat per stage 

- 760-835OF in the first stage 
- 750-825'F in the second stage 

- 2500-2700 psia in the first stage - 2400-2600 psia in the second stage - 2100 psia in the first stage in 253H 

- 29-34 wt % coal (40 w t  % in 253C) 
- 12 wt % CI (9 in 251-IA-IB, 4 wt % in 253C) 

Slurry composition 

No interstage separation 
Catalyst cascading in Run 252 
Reactor operation parameters 

- temperature profiles, exotherms 
- ebullation rate, gas flow, slurry flow 
- slurry viscosity, etc. 

Several steady-state operation periods were selected for 
comparisons of the distillate production, the effect of recycle 
resid concentration, and the effect of catalyst replacement rate, 
and are summarized below along with the distillate production 
projected for the l~all-distillatelq product slate with resid 
extinctionC. 

tempera. cat. rep. 
(OF) (lblt MF) - run catalyst lstllnd Istl2nd 

(1) distillate production 
w/ Illinois coal 

257DE Am0 1C 7901760 311.5 
2578 Am0 1c 760/810 1.513 

810/760 3 1.5 257J' Am0 1c 
251-IE Am0 1A/1C 8101760 2 /Ib 
2618 EXP-AO-60 790/810 313 
261D EXP-AO-6 0 790/810 1.511.5 

254B She 317 810/760 4b/4b 
254G' She 317 810/790 3/3b 

2598 She 324 8251790 3.613.6 
259DE' She 324 8251790 414 

6 

w/ Ohio coal 

w/ Pittsburgh coal 

(2) effect of recycle resid concentration 
w/ Illinois coal 

w/ Pittsburgh coal' 

257DE 
257F 

259DE 
259F 

recycle projected 
resid distillate 
Iwt %) product.d 

50 
40 
50 
40 
40 
50 

40 
50 

50 
50 

50 
40 

50 
40 

28.8 
24.8 
42.2 
23.6 
37.1 
29.8 

25.3 
33.3 

28.6 
23.8 

28.8 
22.3 

23.8 
19.3 

CT I 
t 

1916 



(3) effect of catalyst replacement 
w/ Illinois coal 

w/ Ohio coalC 

261B 313 40 37.1 
29.8 261D 1.511.5 50 

I 
,' 2546 3/3b 50 33.3 

254H 312. lb 28.8 
2541 3/1.5b 26.8 
254J 3/l.sb 30.4 

50 23.0 
2591 414 3 /3b 19.4 
259DE 

259J ~ 2. sb/2. 5b 15.8 

w/ Pittsburgh coalC 

Half-volume reactors operation. 
Estimated at steady-state operation from batch aging. 
Additionally cleaned low-ash coal. 
Unit: lb/hr/cuft-cat per stage. 

1. 
I 

* Runs 254 and 257 operated without interstage separation. 

'1 RESULTS AND DISCUSSION 

i DISTILILATE PRODUCTION COMPARISON 

Combined Activity of Coal and Catalyst I 
I 

The distillate production was significantly improved in period 
261B processing Illinois with EXP-AO-60 (37.1 lb/hr/cuft-cat per 
stage); 29-57% increases compared to 257DE. 257H and 251-IE. 
However, the distillate production was 12% lower than 257J. With 
additional coal cleaning with heavy media the distillate 
production significantly improved processing Ohio with Shell 317, 
by 16% in comparison of periods 2546 and 257DE, while in contrast 
lowered 17% processing Pittsburgh with Shell 324 in comparison of 
periods 259DE, 2598 and 257DE. 

Effect of Recycle Resid Concentration 

The effect of recycle resid concentration on distillate 
production was projected in both Runs 257D-F and 259D-F. Results 
are illustrated in Figure 1. The-recycle resid level increase 
from 40 to 50 wt % improved 29% distillate production in 257D-F 
and improved 23% in 259D-F. 257D-F was with Illinois and Amocat 
1C and 259D-F was with Pittsburgh and Shell 324. Both runs were 
in the high/low severity. 

Effect of Catalyst Replacement Rate 

The effect of catalyst replacement rate on distillate production 
was projected in Runs 261BD, 254G-J, and 259DEIJ. Results are 
illustrated in Figure 2. If the effect of resid recycle increase 
from 40 to 50 wt % observed in 257D-F with Illinois and Amocat 1C 
is considered in comparison of 261B and 261D (29% increase in the 
distillate production), then the catalyst replacement effect 
becomes more significant, approximately 61% increase in coal 
throughput by 3 lb/ton MF coal total replacement increase in 261B 
compared to 261D with Illinois and EXP-AO-60. The distillate 
production becomes 48 lb/hr/cuft-cat per stage, higher than that 
in 257J (42.2). The effect of catalyst replacement increase on 
coal throughput and distillate production was also significant in 
254G-J with Ohio and Shell 317, and in 259DEIJ with Pittsburgh 
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and Shell 324. Both coals were cleaned with heavy media to lower 
the ash content and operated at 50 wt % resid recycle level. 
254G-J with 1-1 .5  lb/ton MF coal total catalyst replacement 
increase showed 16-24% increase in the distillate production; 
259DEIJ with 2-3 lb/ton MF coal total catalyst replacement 
increase showed 23-51% increase in the distillate production. 

Data for 251-IE and 257DEJ in the high/low mode were also 
included for comparison in Figure 2 .  Recycle resid concentration 
was 40 wt % in 251-IE and 50 wt % in 257DEJ. Operating 
conditions for these runs are listed in the previous section. 
257J had the highest distillate production, primarily due to 
half-volume reactors operation resulting in more isothermal 
temperature distribution and better mixing, and a higher resid 
recycle level at 5 0  w t  %, while 251-IE and 257DE with full-volume 
reactors operation had lower distillate production, because 251- 
IE operated at a lower resid recycle level, 40 w t  % and 257DE 
operated at a lower first stage reaction temperature, 790'F. 

259H with high-ash Pittsburgh and Shell 324 had a similar 
distillate production to that in 257DE with high-ash Illinois and 
Amocat 1C (28-29 lb/hr/cuft-cat per stage); 17% higher production 
than 259DE with low-ash Pittsburgh and Shell 324 (Figure 2 ) .  
259H operated at 33'F higher reaction temperature and 60% higher 
total catalyst replacement than 257DE in the high/low mode. 
Recycle resid concentration for these periods was same at 50 w t  
%. 

EFFECT OF COAL CLEANINQ ON MAXIMUM DISTILLATE YIELD 

Ohio coal was cleaned with heavy media to reduce the ash content 
from 10 to 6 w t  % and Pittsburgh coal was cleaned from 1 5  to 4-5 
wt %. Coal cleaning significantly improved the coal conversion 
for both Pittsburgh and Ohio coals. As a result, the organic 
rejection significantly reduced and the C4+ distillate yield 
significantly increased. Process performance improvements by the 
coal cleaning are summarized below. 

- run - 254 

coal 

base period (s) B 
cleaning normal 
ash in coal (wt%) 1 0  
pyritic sulfur (wt% MF) 1 . 9  
reactives (petrograp.) 9 4  
potential liquid yield 
C4+ resid ( w t %  MAF) 7 0  

coal conversion 
( w t  % MAF coal) 9 4  

organics rejected to 

C4+ distillate yield 

C4+ dist. selectivity 

solids prod. ( w t %  MAF) 1 6  

(projected) ( w t %  MAF) 6 8  

to resid+UC conv. 0 . 8 1  

259A was unstable. 

G I  

6 
1 . 5  

97 

78 

97 

8 

78 

0 . 8 4  

addit. 

2 5 9 .  

Pittsburah 

AH' E 
normal addit. 

15 5 
1 . 6  0 . 6  
92 93 

69-70 78 

92-93 96 

19-20 9 

67-70 78 

0 .83-0 .88  0 . 8 5  

i 
'I  
I 

\ 
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The coal conversion improvement was probably due to removal of 
less reactive coal components such as inertinites by cleaning 
with heavy media5. As reported earlier6, the linear regression 
analyses for bituminous coals projected that fully cleaned coals 
with zero ash content could achieve 100 wt % MAF coal conversion; 
could produce 83 wt % MAF coal C4+ distillate. The distillate 
yield higher than 83 w t  % is possible, if the distillate 
selectivity further increases to higher than 0.85, which was 
observed with the cleaned low-ash coals (4-6 w t  % ash content) 
with heavy media. The effect of coal conversion on Organic 
rejection appeared to be very similar for the three coals. A 
good linear correlation between organic rejection (Y) and coal 
conversion (X) was derived for these coals by a linear regression 
analysis and is shown below. 

Y = 265.7 - 2.67 X 
rz = 0.94 (determination coefficient) 

DISTILLATE SELECTIVITY COMPARISON 

Distillate Selectivity vs Yield 

Figure 3 shows that the C4+ distillate selectivity to resid + UC 
conversion increases, as the distillate yield increases. High- 
ash Illinois, low-ash Ohio and low-ash Pittsburgh coals are 
compared. Processing Illinois in Runs 251-1, 252, 253, 257 and 
261, the distillate selectivity was not significantly affected by 
four different catalysts tested (EXP-AO-60, Amocat lC, Amocat 1A 
and Shell 317). The variation was 4%. For simplicity of the 
illustration the linear regression line with Illinois is included 
without showing the actual data points. Although two different 
thermal severity modes of lowlhigh and highflow were investigated 
in runs with Illinois, it seemed that the selectivity was 
slightly increased by 1-3%, when operated at 790/760°F in the 
highflow mode (257A-FIK), 760/790-810°F in the lowfhigh mode. 
(257GH) and 79O/81O0F in the lowfhigh mode with 3 lbfton MF coal 
catalyst replacement per stage (261AB). The lower first stage 
reaction temperature improved the selectivity with less gas make. 

Processing additionally cleaned low-ash Ohio and Pittsburgh in 
Runs 254 and 259, Pittsburgh and Shell 324 had 2% higher 
selectivity than that with the combination of Illinois and 
bimodal catalysts, and 4-5% higher than that with Ohio and Shell 
317, although operated higher reaction temperatures, 810- 
825/790°F (Figure 4). Runs 254 with Ohio and Shell 317 and 257 
with Illinois and Amocat 1C operated without interstage 
separation, which might have affected the selectivity. Coal 
cleaning appeared to improve the selectivity to 0.85-0.86 by 
producing more distillate about 78 wt % MAF coal (highest). 
Normally mine-washed high-ash Illinois with bimodal catalysts had 
a lower selectivity, 0.82-0.83 by producing less distillate about 
68-70 w t  % (highest). Inconsistent selectivity data were 
obtained with high-ash Ohio ( m )  and Pittsburgh (e), that is, 0.86 
in 254A, 0.81 in 254B, 0.83 in 259A and 0.88 in 259H. 

Distillate Yield vs Hydrogen Consumption 

Figure 4 shows with the three coals that the C4+ distillate yield 
increases, as the hydrogen consumption increases. The effects of 
catalyst type and reaction temperature were not apparent 
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processing Illinois. A linear correlation was observed with 4 wt 
% variation upto 70 w t  % MAF coal distillate yield, which is the 
highest achieved so far with high-ash Illinois at Wilsonville. 
Required coal conversion and organic rejection to achieve this 
yield were 94 and 15 w t  %, respectively. Processing low-ash Ohio 
and Pittsburgh, the distillate yield increased to 78 w t  % MAF 
coal due to higher coal conversion (96-97 w t  %) and lower organic 
rejection (7-9 w t  0 ) .  Hydrogen efficiency (lb distillate/lb 
hydrogen consumed) in 254 with low-ash Ohio and Shell 317 
increased at higher distillate yields above 70 w t  %, compared to 
that with high-ash Illinois at lower distillate yields below 70 
w t  %. This trend indicated a possibility of two different 
hydrogenation routes with different reactants and products. Data 
from low-ash Pittsburgh showed a high scattering, inconclusive 
trend, Data from high-ash Ohio ( m )  and Pittsburgh ( e )  are also 
included in the figure for comparison. 

Hydrogen Efficiency vs Reaction Temperature 

Figure 5 compares hydrogen.efficiencies from Runs 251-1 with 
high-ash Illinois and Amocat lA/lC (a regression curve without 
showing the actual data points), 257 with high-ash Illinois and 
Amocat lC, 259 with low-ash Pittsburgh and Shell 324, and 261 
with high-ash Illinois and EXP-AO-60. Reaction temperature in 
the high severity stage was selected as x-coordinate variable. 
The hydrogen efficiencies for Runs 257, 259 and 261 were 
significantly higher than that obtained in Run 251-1 with high- 
ash Illinois and Amocat IA/lC; were similar to that with low-ash 
Ohio and Shell 317 at 810/79O0F (Run 254 data are not included in 
the figure). Although two different thermal severity modes of 
low/high and high/low were investigated in these runs, it seemed 
that the efficiency was increased by 10% processing Illinois 
coal, when operated at 790/760°F in the high/low mode (257A-FIK), 
760/790-810°F in the low/high mode (257GH ( * ) ) ,  and 790/810°F in 
the low/high mode (261A-D). The lower first stage reaction 
temperature improved the selectivity with less gas make. Low-ash 
Pittsburgh and Shell 324 in Run 259 had a higher hydrogen 
efficiency with wide variation from 10 to 12 compared to Run 251- 
I, although operated higher reaction temperatures, 810-825/790°F. 
Coal cleaning with heavy media might be partially contributed to 
this efficiency improvement by producing more distillate with 
comparable gas make. Runs 254 with Ohio and Shell 317 and 257 
with Illinois and Amocat 1C operated without interstage 
separation, which might have affected the hydrogen efficiency. 
Coal cleaning appeared to improve the efficiency by producing 
more distillate to 78 wt % MAF coal (highest). 
with high-ash Pittsburgh (0) showed an inconsitent trend, that 
is, a higher efficiency was observed at a higher temperature 
operation (12 vs 10.5 lb distillateflb hydrogen consumed). 

C,-C3 Gas Selectivity vs Reaction Temperature 

Figure 6 compares gas selectivities from Runs 251-1 (a regression 
curve without showing the actual data points), 257, 259, and 261. 
Reaction temperature in the high severity stage was selected as 
x-coordinate variable. The gas selectivities for Runs 257 and 
261 with high-ash Illinois were significantly lower than those 
obtained in Run 251-1 with high-ash Illinois and Amocat lA/lC and 
Run 254 with low-ash Ohio and Shell 317 at 810/790°F (Run 254 
data are not included in the figure). The selectivity for Run 

Two data obtained 
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259 with low-ash Pittsburgh and Shell 324 was similar to that for 
Run 254 with low-ash Ohio and Shell 317, although operated at 
higher reaction temperatures, 810-825/790°F. It seemed that the 
gas selectivity was decreased with Illinois coal, when operated 
at 790/760°F in the high/low mode (257A-FIK), 760/790-810°F in 
the low/high mode (257GH ( e ) ) ,  and 790/810°F in the lowlhigh mode 
(261A-D). The lower first stage reaction temperature reduced the 
gas selectivity with less gas make. Low-ash Pittsburgh and Shell 
324 in Run 259 had a higher gas selectivity with wide variation 
from 11 to 15, when operated at a higher first stage reaction 
temperature, 825'F. Coal cleaning with heavy media seemed no 
significant impact on the gas selectivity. Runs 254 with Ohio 
and Shell 317, and 257 with Illinois and Amocat 1C operated 
without interstage separation, which might have affected the gas 
selectivity. Two data with high-ash Pittsburgh (8) showed an 
inconsistent trend having a similar gas selctivity observed at a 
higher temperature operation. 

CATALYST ACTIVITY IN RESID i UC CONVERSION 

Catalyst activities were calculated assuming that the resid + UC 
conversion reaction follows first-order kinetics for a continuous 
stirred tank reactor3. Cracking activity (resid conversion) is 
not the only function of the catalyst. Hydrogenation activity of 
the catalyst was not considered in these catalyst activity 
analyses. Catalyst activity analysis should be considered as the 
overall activity of combined catalytic and thermal conversion. 

Figure 7 compares first stage activities in Runs 261, 257 and 
259. Runs 261 and 257 processed Illinois with two different 
catalysts, EXP-AO-60 and Amocat 1C. The calculated rate constant 
value at 790'F for 261 with EXP-AO-60 was much higher than that 
for 257 with Amocat 1C. The rate constant values at 810 and 
825'F for 259 processing Pittsburgh with Shell 324 were much 
lower than those at 790'F for 261 and 257 processing Illinois 
with EXP-AO-60 and Amocat lC, respectively. The rate constant 
value at 810'F for 254 processing Ohio with Shell 317 was higher 
than those at 810 and 825'F for 259 processing Pittsburgh with 
Shell 324; lower than those at 790'F for 261 and 257 processing 
Illinois with EXP-AO-60 and Amocat 1C2. 

Figure 8 compares second stage activities in Runs 261, 257 and 
259. The calculated rate constant value at 810'F for 261 with 
EXP-AO-60 was higher than those at 760 and 790'F for 257 with 
Amocat 1C in the high/low mode; similar to that at 810'F for 257H 
with Amocat 1C in the low/high mode. However, the deactivation 
rate at 810'F was higher than that at 760'F. 
values became similar for these temperatures at high catalyst 
ages above 50,000 lb MF coal/cuft-cat. The rate constant values 
at 760 and 790'F for 259 processing Pittsburgh with Shell 324 
were much lower than those at 810'F for 261 and 257H processing 
Illinois with EXP-AO-60 and Amocat lC, respectively; similar to 
those at 760 and 790'F for 257 processing Illinois with Amocat 
1C. The rate constant values at 760 and 790'F for 254 processing 
Ohio with Shell 317 were lower than those at 760 and 790'F for 
259 processing Pittsburgh with Shell 324; lower than that at 
760'F for 257 processing Illinois with Amocat 1C2. 
810'F for 254 processing Ohio with Shell 317 appeared to be 
similar to that at 810'F for 261 processing Illinois with EXP-AO- 
60, when the deactivation curves were extrapolated for comparison 
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at similar catalyst ages. 

COAL REACTIVITY COMPARISON IN RESID + UC CONVERSIOW 
High-ash coal reactivity in the resid + UC conversion reaction 
was compared and reported in an earlier article2, by adjusting 
the responses measured in Runs 253, 254, 257 and 259. Results 
are summarized below. 

run C4+dist resid wJOR=20% resid+UC conv, 

Illinois 257J 66 0 80 
Pittn. 259A 50 19 61 
Ohio 254Bl253D 59 7 73 

DIBTILLATE PRODUCT OUALITY 

Table 3 summarizes distillate product qualities in Runs 251-IE, 
257FG1, 261BD, 254G and 259DH. During Run 259 with Pittsburgh 
and Shell 324 which was the first run tested with a better 
distillation separation system, the distillate product quality 
improved by reducing the boiling end point of the distillate 
product (715'F in 259D and 760'F in 259H)7. In.Run 261BD with ' 
Illinois and EXP-AO-60, the boiling end point was 772'F in 261B 
and 780'F in 261D. 257FGI end point data were estimated by 
assuming steady recycle of heavy distillate as in Runs 259 and 
261. In many respects, the properties of distillates from 
Illinois, Ohio and Pittsburgh with different Ni-Mo catalysts are 
similar. This is not unexpected, since they were converted to 
liquids under similar operating conditions. Hydrogen content was 
high, 11.3-12.2 wt %. Heteroatom contents were low, 0.1-0.3 wt % 
nitrogen and <0.1 wt % sulfur. Oxygen content varied 0-2.5 wt %, 
since it was calculated by the difference. 'PSI gravity was 19- 
28. Improvements in product quality were recognized by upgrading 
studies performed with coal-derived liquids by Chevron Oil 
Cornpan?. Reduced boiling end point, lower nitrogen and sulfur 
contents and increased hydrogen content wolud make the upgrading 
task easier for the usage of commercial-type transportation 
fuels. Some improvements have been made during the past several 
years and efforts continue at Wilsonville to improve the product 
quality for the better process economics. 

CONCLUSION8 

Processing high-ash Illinois, the distillate production 
improved by 30-50%. The lowlhigh severity mode with EXP-AO- 
60, increased catalyst replacement, increased resid recycle, 
and half-volume reactors operation significantly improved 
the distillate production. 
Processing low-ash Ohio and Pittsburgh, the distillate yield 
improved to 78 w t  % MAF coal by coal cleaning with heavy 
media, primarily due to increased coal conversion to 97 wt % 
and reduced organic rejection to 8 wt %. The distillate 
production was improved with Ohio and Shell 317 by 16%; was 
reduced with Pittsburgh and shell 324 by 17%. The reduction 
of distillate production with the cleaned Pittsburgh and 
Shell 324 seemed partly due to a lower pyrite content of the 
cleaned coal andfor a lower resid conversion activity of the 
cleaned coal and catalyst. 
The increased gas oil recycle improved the distillate 
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product quality by reducing the boiling end point of the 
distillate product. The boiling end point was 715-760'F 
with Pittsburgh and Shell 324; 770-780'F with Illinois and 

The low/high severity operation seemed improving the 
distillate selectivity and hydrogen efficiency with less gas 
make. 
The additional coal cleaning with heavy media seemed 
improving the distillate selectivity and hydrogen efficiency 
by increasing the distillate yield to 78 wt % MAF coal. 
The theoretical maximum distillate yield of fully cleaned 
coals with zero ash content was projected to be 83 wt % MAF 
coal for high-volatile bituminous coals. The distillate 
yield higher than 83 wt % is possible, if the distillate 
selectivity further increases to higher than 0.85, which was 
observed with the cleaned coals (4-6 wt % ash content) with 
heavy media. 
Resid derived from Illinois was easier to convert to 
distillate than from Ohio and Pittsburgh; resid from 
Pittsburgh was harder to convert than Ohio. Higher reaction 
temperatures were required to achieve the "all-distillate" 
product slate with combinations of low-ash Ohio-Shell 317 
and Pittsburgh-Shell 324; hydrogen efficiencies were similar 
with higher gas selectivities due to higher distillate 
yields. 

EXP-AO-60. 
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TABLE 1 FEED COAL ANALYSIS 

T A B L E  2 

coal 

Mine 

Iilinoia 
No.8 

Burning Star 

Run. 251 -1.252.263 

Rank IASTM) hvbB 
FC (mi ut U) S t  
HV (Blullb ml) 12.800 
Ultimate (ml wt W 
Carbon 70.8 
Hydrogen 4.8 
Nitrogen 1.5 
Sulfur 3.4 
Aah 11.5 
Oxygen (dit) 8.2 
Polrogr aphic 
(mmf vo1 0)  

Reactive. 94 
Pyritic Sulfur 1.1 

257.281 

Ohio Plltaburgh 
No.8 No.8 

Crookrville Ireland 
(cleaned) (cleaned) 
254.258 259 

hvbB hvaB 
53 5 b  

13,300 14.200 

75.3 78.8 
5.3 5.7 
1.4 1.4- 
2.6 3.2 
6.6 4.6 
8.8 5.8 

97 93 
1.5 0.0 

WlLSONVlLLE NI-MO CATALYST PROPERTIES 

Catalyat Shell 324 Arnocat 1C EXP-AO-60 Shell 317  
Run 258.259 251-253 281 253,254 

261 257,259 258 

Shape e - - -_ _ _ _ -  - -Cyli"drlcal-----------' Trilobe 
Slm (In) 1116 1118.1112 1/16 1 120 
NI ( w t W  2.7 2.3 2.5 2.7 
Ma 13.2 10.4 10.7 11.8 
Surface Area 

b m l g )  185 190,185 241 235 
Pore Volume 

(cc/g) 0.48 0.85.0.88 0.78 0.75 
Pore Slze OIat. Unlmodal ~- - - - - - - - - -B irnoda l - - - - - - - - - - -~  
Camp. 8. 0enr)lty 

(Iblcuft) 54 42.35 33 38 

TABLE 3. TOTAL DISTILLATE PRODUCT QUALITY COMPARISON 

Run 
Coal 

W t  % c 

N 
S 
0 

n 

O A P I  

W t  % Naphtha 
Mid.D1 
Mid. D2 
Gas Oil 

End point OF 
(D1160) 

257F 257G 2571 251-IE 261B 261D ---_------ Illinois ----------- 
87.5 87.8 87.4 87.2 87.3 07.5 
12.2 12.1 12.1 11.6 11.4 11.3 
0.2 0.1 0.1 0.2 0.2 0.3 
0.0 0.0 0 . 0  0.0 0.0 0.0 
0.1 0.0 0.4 1.0 1.1 0.9 

21 21 21 26 23 22 

22 21 10 26 19 14 
11 10 11 12 11 16 
50 53 64 32 40 40 
17 16 7 30 30 30 

600 700 665 - 772 700  - estimated - 
1924 

2546 259D 2598 
Ohio P i t t s .  

88 .3  86.7 87.0 
11.3 12.0 11.7 
0.3 0.2 0.2 
0.0 0.0 0.0 
0.1 1.1 1.1 

19 28 25 

25 20 19 
9 18 13 

35 43 43 
32 19 25 

- 715 760 

(2.5) 
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TWO STAGE GASIFICATION : EFFECT OF HYDRDPYHOLYSIS CONDITIONS 

G. S k o d r a s  and G.P. S a k e 1  l a r o p o u l o s  
~ c p a r l r m e n l  of C h e m i c a l  E r i g l n e e r i n g  a n d  

Clici i i ical  Process Erigi  n e e r i n g  R e s e a r c h  l r i s t i t u t e  
Ar i r; L u L  l e  U i i i  vers i Ly of T h e s s a  1 o n i  k i  

' r l i e s s a l u n i k i ,  Greece 54006 

sunnnw 
Two-c l . age  h y d r o p y r u l y s i s  and C 0 2  g a s i f i c a t i o n  h a s  b e e n  i n v e s -  

t i ga1 . c .d  w i t h  GI eek l i g n i t e  a l  v a r i o u s  t e m p e r a t u r e s  a n d  r e s i d e n c e  
L I i n r a  i n  u i d e c  tti i i i d r i i t i f y  o p t i m a l  c o n d i  t i o n s  f o r  s w i t c h i n g  b e t w e e n  
t h e  two s l r p s . 0 p t  i m a l  i t y  w a s  b a s r d  o n  carlrori c o n v e r s i o n  a n d  p r o d u c t  
fuir-m:at loi i .Such up t in ium c t j i i d i  t i o r i s  a r e  o b t a i n e d  f o r  h y d r o c h a r i n g  a t  
900°C f o r  2 1 . t~  5 imin R I I ~  : ; u t , s e q u e n t  CO, g a s i f i c a C i o n  of t h e  r e s u l t i n g  
cl8at.s 31. 9 0 0 ° C  a i ~ d  10 s i i r i .  

' I NTRODIICT I IIN 
H y i 1 r o g n s i F i t : a t i o i i  i s  a r e l a t i v e l y  slow p r o c e s s  C 1 . 2 1 ,  w i t h  most 

h y d i r ~ c a r b o n r :  f c i rmrd  i n  t l i e  e a l r y  h y d r o p y r o l y s i s  s t e p  L 2 . 3 l . C a r b o n  
J I u ~ i i l e  g a s i f i , : a t . i o i i  of c h a r s  i s  f a s t e r  t h a n  h y d r o g a s i f i c a t i o n  a n d  
nari i m p r o v e  c o n v e r s i u n  a n d  c a r b u n  a i o a  u t i l i z a t i o n .  C l i a r  g a s i f i c a t i o n  
I n  CO, haii b e e t i  i n v P s t i g a t e ~ i  w i t h  r e s p e c t  t o  c a r b o n  r e a c t i v i t y  C4,51, 
k i i l e t i c  b e h a v i o r  [ G I .  a n d  p r o i n o t i o n  b y  c a t a l y s i s C 7 1 . H o w e v e r ,  most 
c h a ? s  used i n  C 0 2  g a s i f i c a t i o n  h a v e  b e e n  p r e p a r e d ,  a l m o s t  e x -  
c l u s i v e l y ,  i n  r i o n - i e a c L i v e  a t i i i o s p h e r e s ,  s u c h  as N, or tle C 4 - 6 1 . L i t t l e  
I s  k i i u w i i  almi.iL L l t a  r f l e c t  o f  t h e  i n i t i a l  c h a r r i n g  s t e p  ( p y r o l y s i s  o r  
1 i y i l i o p y r . o l y r ; i s )  on t h e  r e a c t i v i 1 . y  i n  t h e  s e c o n d  s t a g e  a n d  o n  t o t a l  
c n r b u i r  u o i i v e r s i o i i  a n d  g a s e o u s  p r o d u c t  f o r m a t i o n .  

111 t , h i s  w o r k  G r e e k  l i g n i t e  was g a s i f i e d  i n  a r e a c t i v e  h y d r o g e n  a t -  
IIIUI:~IIF?CM >nil s u b : ; e q i i e n t l y  i n  C 0 2 .  t o  e x p l o r e  1 i g n i t e  b e h a v i o r  u n d e r  
t w o  s L a g a ,  a n i l ~ i r n t  p r e s s u r e  g a s i f i c a t i o n . T h e  e f f e c t  of  t e m p e r a t u r e  
aivl S U I  i l l  r e s i d e n c e  time i n  e a c h  s t a g e  o n  t o t a l  c a r b o n  c o n v e r s i o n  
a n d  on g a s e o u w  p r o d u c t .  y i e l d s  a n d  s e l e c t i v i t y  was s t u d i e d .  

EXPERIMENTAL 
G r e e k  1 l g n l t e  f i . o i n  t h e  P I . u l e m a i s  r e s e r v e  ( & I O s  t )  w a s  u s e d ,  

w i t h  p n r C i c ; l e r ;  i n  l t i e  r a n g e  of 150 t o  250 p . T h i s  l i g n i t e  i s  h i g h  i n  
c a l c i u m  carbo i ia ta  a s h  aiid h u m i d i t y  a n d  h a s  a v o l a t i l e s  c o n t e n t  o f  
47.1G16 ( o i l  d r y  b a s i s ) .  

Tlte g a s i f I c a L i u r i  tesl. r e a o t o t .  w a s  e q u i p p e d  w i t h  g a s  a n d  s o l i d s  
f e e d i n g  c o i i t r o l s  aiid w i t h  pi.urluct col I e c t i o r i  a n d  a n a l y s i s  d e v i c e s ,  
F l g .  1 . T l ~ e  I J - s h a p e  r e a c k u r  i l r s i g n  p e r m i t t e d  r a p i d  q u e n c h i n g  o f  t h e  
i r e a r : t u r ,  t l i u n .  h y r l i o p y r o l y s i s  01' C02 g a s i f i c a t i o n  r e a c t i o n s  c o u l d  b e  
i i i t r r r i ~ p L e d  a t  a l l y  desirable time. 

i . igi i i  t.e sninples w a v e  i r i i t  i a l  l y  I i y d r o p y r o l y z e d  (800OC o r  9 0 0 ° C .  a t  
2.  5 nut- 10 n i i r i )  aiid t h e  p r o d u c e d  c h a r s  w e r e  g a s i f i e d  u n d e r  a C O z  a t -  
m o s p h e v e  ( 8 0 0 ° C  OI' R O O O C ,  a t  up t o  15 m i n ) . G a s e o u s  p r o d u c t s  w e r e  c o l -  
IecLed i n  b o t l i  s t a g e s ,  a n d  were a n a l y z e d  m a i n l y  f o r  CH. a n d  CO b y  
G.C. (Val i a n  V i s t a  GOOO).Chnrs o b t a i n e d  i n  t h e  h y d r o p y r o l y s i s  a n d  t h e  
C O I  g a s i f t o a t i o n  s t e p  were a n a l y z e d  b y  a LECO C-H-N 800 a n a l y z e r ,  i n  
u r d e r  1st d e t e r m i n e  e l e n t e i i t a l  c o r n p o s i  t i u n s  a n d  c o n v e r s i o n s  i n  e a c h  
5:E-p. 

RESULTS AND DISCUSSION 
D t i r l n g  tlle f i r e t .  s t . a g c  ( h y d r o p y r o l y s i s ) ,  t h e  d e v o l a t . i l  i z a t i o n  a n d  

hydrc t c i . ac l : i ng  r e a c t i o n s  w h i c h  take p l a c e  C3,Ell c a u s e  s i g n i f i c a n t  
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w e i g h t  Ic ts : ; .On a d r y  a n d  a s h  f r e e  h a s i s ,  w e i g h t  losses a r e  o f  t h e  or- 
del. o f  62% a t  QOO'C. r e a c l n l n  a b o u t  67%.at.90OaC a n d  l o n g  r e s l d e n c e  
t i m e s . z i i i c e  tbIe i n i t i a l  v i l l a t i y e  m a t t e r  o r  I i g n i t r  i s  87% w / w  GI1 a 
ilr:v b a a i ! ~ .  d e v o l ~ t l  l i z a t i i r n  appears t o  b e  t h e  m a i i i  r e e c t i o n  d u r i n g  
t l k i s  f i s  $:t r : t ixge  1 3 . 8 . 9 I . T l , e  I t e t e r u g e n e o u s  c a r b u n - h y d r o g e n  gaS-3ol i d  
r - e h r t l o n  b a ~ , . ~ i n e s  s i g n i ~ l c a n l  o n l y  at. l o n g e r  so l  i d  r e s i d e n c e  t imes  
( : - I O  i n i n ) .  

M e t h a n e .  Cn a n d  COI a r e  t h e  m a i n  g a s e o u s  p r o d u c t s  d u r i n g  t h i s  
f i r . s t  stage. T a b l e s  i a n d  2.Maximum CH. f o r m a t i o n  i s  o b s e r v e d  a t  
R O O ' C  and 10 m l n ,  v i a  I h e  h e t e r o g e n e o u s  h y d r o g e n - c a r b o n  g a s - s o l  i d  
r e a c t i o n .  1 1 1  c o n t r a s t ,  CptCO; y i e l d s  a r e  less a f f e c t e d  b y  t h e  
t t y d r o p y r o l y s i s  r e s i d e n c e  t i n i e .  s ir ice t h e s e  a r e  p r o d u c t s  o f  
h y d r u p y r o l y s i s  a n d  h y d r o c r a c k i n g  r e a c t i o n s  d u r i n g  t h e  i n i t i a l  2 m i n  
u f  p y r o l y s i s . T h r  y i e l d  of CO, h o w e v e r ,  i n c r e a s e s  a p p r e c i a b l y  ( a b o u t  
6 0 % )  w i t h  t e i i i p e r a t u r e .  f r o m  800°C t o  900 'C.  w h i l e  t h a t  o f  COX d r o p s  
t.c> a b o u t  o i i e  t h i r i l ,  due t u  e n h a c e m e n l  o f  t h e  C02 r e d u c t i o n  t o  CO i n  a 
HI atniosptia!re [ S l . O t t l r r  h y c l P o c a r b o n S  (C2HI  .C.HI e t c )  a r e  also 
pi 'oduced 1 1 1  .;mall c l u a l i t l l i e s  ( 1  t o  1 2  c c / g  l i g n .  daf), T a b l e  1 a n d  2.  

I n  u r d e r  t o  e v a l u a t e  t h e  s i g n i f i c a n c e  of each p r o d u c t  a t  t h e  
v a r l , > u o  o r i n d l  t.ionLi t e s t e d  a " s e l e c t i v t t y  i n d e x "  h a s  b e e n  u s e d ,  s h o w n  
i n  TaLrle 1 sild 2.To c a l c u l a t e  t h e  s e l e c t i v i t y  o f  t h e  g a s e o u s  
p i . tSduc te ,  ot .hnl-  h i g h e r  i n o l e c u l a r  w e i g h t  p r o d u c t s  h a v e  b e e n  a s s u m e d  t o  
b e  i n s i g r i i f i c a n t  c o m p a r e d  t o  C0,CO. ,CH, .C2H. a n d  C.H.. I n c r e a s e  o f  
SUI  I d  r e s i d e n ~ : e  tline a t  law h y d r o p y r o l y s i s  t e m p e r a t u r e  ( 8 O O ' C )  a l m o s t  
~ l ~ : ~ i . i l . ~ l ~ s  the CH, " s e l e c t i v i t y  i n d e x "  (8.1516 a t  2 m i n .  a n d  15.7% a t  10 
m i n J .  T a b l e  1 . S i m i I a 1 ~  b e h a v i o r  i s  also e x h i b i t e d  b y  CO s e l e c t i v i t y  
f i ~  1' t .emper  a t.u res .  1 n c o n  t r as  t , se 1 ec t i v i t y 
J e c i - r a s e : ;  wi L l i  a n  i r t c . r a a s e  o f  h y d r o p y r o l y s i s  t i m e  a n d  t e m p e r a t u r e .  
T t l i s  is p x r t i c u l a f  l y  e v i d e n t  b y  t h e  r e l a t i v e  s e l e c t i v i t y  o f  CO a n d  
COS tzx1jres::et.l as Lhe I . a t i o  CU/Cfl,, T a b l e s  1 a n d  2 . T h u s .  h i g h  T a n d  
I c i n g  L i m e s  m i n i m i z e  CCll f o r m a t i o n  w h i l e  total (CO+CO. )  , s e l e c t i v i t y  
d e c r e a s e s  s o m e w h a t .  

TI!? e l e i i i e i ~ I . c ~ l  a n a l y s e s  U I  c h a r s  p r e p a r e d  a t  8 0 0 - C  a n d  2 . 5  or 10 
ntin :.how 1 . I i a l  e l e m e n t a l  carbon c o n v e r s i o n  i s  r a t h e r  low i n  t h i s  
s t a g e ,  T : ~ b l e  3 .  I n c r e a s e  o f  h y d r o p y r o l y s i s  t e m p e r a t u r e  t o  9OO'C i m -  
p r o v e s  t h e  e l e i i i e n C a l  c a r b o n  c o n v e r s i o n ,  w h i c h  r e a c h e s  51.5% f o r  10 
m l n  S U I  I d  rrslcleiice t l m e .  T a b l e  3 . T h i s  i m p r o v e m e n t  r e s u l t s  f r o m  en -  
t i aaen len t  o f  t h e  d e v o l a t  i 1 i i a t i o n  a n d  h y d r o c r a c k i n g  r e a c t i o n s  w i t h  
1 e n l p e r a t u i . e .  E I e n i e n L a I  H a n d  0 c o i ~ v e r s l u n s ,  a r e  i n  a l l  cases h i g h  
( 8 4 - 3 C %  w / w ) .  T a b l e  3 . T l i u 3 ,  d u r i n g  h y d r o p y r o l y s i s ,  c l e a v a g e  of o x y g e n  
c o n t a i n i n g  g r o u p s  u c c u r s .  111 t .he same p e r i o d ,  c l e a v a g e  a n d  r e l e a s e  o f  
a1 i p t i a t i c  and a r o m a t i c  yrrrups take p l a c e  C81, r e s u l t i n g  i n  h i g h  
h y d r o g e n  c o n v e r s i o n  ( 8 4 - 9 G X  u / w ) . T h e  c h a r s  f o r m e d  are .  h e n c e ,  r i c h  i n  . 
c a r b m  a n d  ash. 

I n  t h e  n e c o n d  s t a g e ,  t h e  c a r b o n - c a r b o n  d i o x i d e  g a s - s o l  i d  r e a c t i o n  
is  p r a c t i c a l l y  t h e  o n l y  o n e  t a k i n g  p l a c e ,  s i n c e  t h e  v o l a t i l e  m a t t e r .  
ha:? b e e n  a lmost  c o m p l e t e l y  r e m o v e d  d u r i n g  h y d r o p y r o l y s i s  1 8 . 9 1 .  
T r a c e s  o f  h y d r o c a r b o n s  d e t e a t e d  i n  t t l i s  s t a g e ,  come f r o m  r e s l d u a l  
v o l a l i  l e s  of t h e  o r i g i n a l  l i g n i t e .  

C o n v e r s i o n  of u r g a n i c  matter ( e s s e n t i a l l y  C - c o n v e r s i o n )  I n  t h e  
s e c o n d  S t a g e  d e p e n d s  o n  t h e  h l s L o r y  of t h e  c h a r  a n d  o n  t h e  c o n d i t i o n s  
of CO, g a s i f i c a t i o n ,  i e  t e n i p a r a t u r e  a n d  r e s i d e n c e  t ime. I n c r e a s e  of 
t h e  S U I  i d s  r e s i d e n c e  t ime a t  low t e m p e r a t u r e  ( 8 O O o C )  h y d r o p y r o l y s i s ,  
i l i c r e a m e s  c u r l v e r s i o n  i n  t h e  s e c u n d  s t a g e ,  F i g  2 . I n  c o n t r a s t ,  a t  h i g h  

b u  t h h y  d ri.i p y  r LI I y s  i s CO, 
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hydropyrolysis t.amperature -(9OO'C) and s o l  id residence time. conver- 
sion in COS gasification decreases, F i g s  2 and 3.Thus, chars prepared 
b y  h y c l r - o p y r o ~ y s i s  6t low T and residence time LU00mC/2-5 minl yield 
2'2% C-~t>i)*~ersloi~ when gasliied In COS at 8 0 0 ° C  and 5 min, Fig 2 . A s  
the residence time in hydropyrolysis stage increases, more active 
sltes ale formed 111 the char, capable of further reaction with CO,, 
thereby increasing C-cunversion, Fig 2 , 3 . F o r  the same hydropyrolysis 
char. coi~version increases by 20 t.o 30% with increasing residence 
time in CO, gasification. 

Sin11 lar hrl~nvlor is also exhibited by hydrochars prepared at YOO'C 
However, COz --gasif icalion of these chars yields lower conversions in 
the second s l n g e ,  a s  compared witli chars prepared at 0 0 0 ° C  and 10 
m i t i .  Fig 2,3.Cunvei.sion in COI gasificalion decreases further with an 
increase 114 I~y~Jr~lpyrolysis sol id residence time, f o r  chars prepared 
a t  900°C.  F i g  2.Tliis is probably due to active site deactivation, oc- 
ciiring a t  Ioigh ltydropyrolysis temperatures (900°C) and long residence 
times,l10-121 cf Fig 2.3 . 

Formatioil of CH. and other hydrocarbons practical ly s.tops during 
C02 gasification of the cliars.Hydropyrolysis chars react in the 
Hecund sl:age acct~rding to the Boudouard reaction, and produce CO 
which is the main gaseuus product. Figs 4 and 5.We should note here 
Chat second-stage prriduct yields are presented per gram of initial 
1 iqiiile ( c l a f ) .  permiting direct comparison of yields between the two 
s C a g r s .  h r b o ~ )  rnoiioxide formation in the second stage, improves with 
hydruc1mr.r; oLtl;*ii'ied at. O O O ° C  ani1 l u n g  residence time, Fig 4 and 5. 
Hn,wever. ~:li.irs prepared at 9OO'C and lung residence times yield low 
C O  pruduct by CO. gasificaLion, Fig 4 and 5 ,  due t o  active site deac- 
tivakioia uin~ler such condil.iuns.Ttieso results are in good agreement 
with Llie ubssrvad C-curiverr;ions discussed previous1 y. Such agreement 
sl~uuld be aiiticipated since C O  is furmed by char reaction with COI i n  
tlle svc :uI id  stage. 

Eleniental- carbun uoiiversion t o f  CO, gasification c h a r s  at 800-C .or 
900'C and 5 iuin residence time, is rather low and ,incomplet.e (29 -46% 
w/w), F i g  6 .T I le  increase o r  secuiid slage solid residence time im- 
proves elainrntal C-convei'sion f a r  both C02 -'gasif icatiori temperatures 
(000°C & 9 0 0 ° C ) .  Fig 6. I t  should be noted here that second stage 
elemental C-conversioii values at 900°C are higher than at ROO'C, Fig 
6 ,  ,Jut? tu enl~acenienl o f  the Boudouard reaction rate with increasing 
Len1 pe r a t u  1' e .  

Similar to weight l o s s ,  elemental C-conversion in the second stage 
clep~~ncls on tlpe history 0 1  the char, ie hydropyrolysis temperature and 
residence time. Increase of the solid residence time at low tempera- 
ture (800°C) I~ydrc~pyro1:isis. inci-eases elemental carbon conversion in 
the 5econd stage, Fig G .  In contrast, at high hydropyrolysis tempera- 
t . u r e  (900°C). arid long solid residence time, second slage elemental 
C-~t~nversiun decreases, Fig 6.This behavior is in agreemen1 with the 
p I I  e v i ous I y a c ti v e h i g h 
11 y aJ ropy r CI I y ii i s t e in 1' R r a t. u r e ~i a 1'1 d t i me s . 

Fvom 2-5 i t  is apparent that an optimum hydropyrolysls iem- 
pernture and residence time shoulrJ exist, which. combined with CO. 
g a r : i f  icoliun. leads t . u  maximum carbon conversiun.The optimum c o r -  
t - e : ~ p o i ~ d s  I,> hydrogasification al 900OC a n d  2 to 5 min.Thus, a 
hydropyrolysis c h a r .  obtained at 9 O O - C / 2  min. reacted with COP at 
13110°C and 10 m i l l ,  gives )i maximum total carbon conversiun of about 

d i 5 cu B s. e d car bun d ea c t i vat i on a t 

F i g s  
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8016.For CO,  g a s i f i c a t i o n  a t  9 O O ' C  a n d  10 m i r i  t o t a l  C - c o n v e r s i o n  
reaches BOX.  A t  o t h n r  t r ? m p e r a t , i r . e s  ant1 r e s i d e n e  L i m e s ,  o v e r a l  I c o n v e r -  
:;:oils : t i e  ~ u i n r w h a t  luwer ( E t i - B G X ! .  .it l o n g e r  L i m e s  (15-20 m l n ) .  

, . e *u l i . s  r i u g y e e t  t 1 , a t  I ~ ~ v d r u p y i u l y s i s  a t  S00oC a n d  2 t o  5 m l i i  
s rnol'e a r ; t l v e  s i  l.es i n  t h e  l i g n i t e  m a t r i x  t h a n  h y l l r u p y r o l y S i S  

:,t [jrit)oi: r r ~ :  I.I,,: %;$me c e : i I r l e n c e  Lime. resul l i n g  I n  I ~ l g h e r  s e c u n d - s t a g e  
~ : I ~ i t i  C : L I I I V I I . I ~ ~ ~ I ~ ~ . ~ ~ L I W ~ \ ' ~ ~ . .  p r o l u i i g a t  i o n  o f  t h e  r e s i d e n c e  t i m e  (10 m i n l  .. t i n  
tlak s e c o n ~ l  s t a g e ,  F i g  2 .T l i i i s .  Loi.al  C - c o n v e r . s i u n  of  h y d r o c h a r s  
~ t r h p a r e s l  a t  R O O - C / t O  iiiin i s  4 ;on ipa rab le  t o  t h a t  o f  c h a r s  o b t a i n e d  a t  
BOO"C/2 uiiii.Tlhis: i n d i c a t e s  t l i a t  s i n i i  l a r  a n i o u n t s  o f  a c t i v e  sites e x i s t  
l i i  tltr' I iGtll t e  i m 3 t t ~ i m  O P  t . h e s e  l .wu  clqars. f u r t h e r  s u p p o r t i n g  t h e  n o -  
l i u i i  v f  d e a c L i v a t i o n  a t  t ~ i g h  h y d r o p y r o l y s i s  t e m p e r a t u r e  a n d  l o n g  
t. i 111 e . 

Tlte .aht-rve co inmei i t s  uii u p t i i n a l i t y  a r e  b a s e d  s o l e l y  o n  t o t a l  c a r b o n  
~ : c ! i i v c ~ ~ : ;  i u n . H n w e v e r ,  s e I e c t . i c ~ n  cmi o p t i m u m  o p e r ' a t . i n g  c u r i d i t i o n s  s h u u l d  
a l s o  t.al<e i n t o  aucsiuiit t h e  y i e l d s  of g a s e o u s  p r o d u c l s . T h u s .  maximum 
CH.  j p r o r l u c t i o n  i s  o b s e i . v e d  f o r  s a i i i p l e s  h y c l r i i p y r o l y z e d  at 9 0 0 ° C  a n d  10 
mi$-&.  Thi:;  ina.<ieitini s l r o u l d  b p  a l i t i c i p a t e d .  s i n c e  CH, f o r m a t i o n  v i a  t h e  
l i e  1 P I  (.I 6 eiit i u s  g e n  gas -80 I i cl reac t i CI n b e c o m e s  s i g n  i f i c a i i  t 
f c r i  h i i t :  l i y , J ~ ~ , l ~ y r , : , l y ~ ~ i s  t imcs .Max in iun i  C O  p r o d u c L i o n  i s  o b s e r v e d  f o r  
c : t i a i . s  t tyclr-opyi 'oly;ed a t  9 0 0 ° C  and 2 niin a n d  s u h s e q u e n t l y  g a s i f i e d  i n  
Ct3, al. QOO°C: a n d  1 0  m i i i  ( a b o u t  1700 c a n '  CO/g l i g n i t e  d a f ) . M a x i i n u m  t o -  
La1 c : a ~ . b o n  c o n v e r s i o n  (97.8% w / ~ )  i s  a l s o  o b s e r v e d  a t  t h e s e  c o n d i -  
I. I * . ' l i s .  T I  ,115 , ,313 L i in? i i i i  CaJ i i r l  i t i o i l s  f u r  ca rboi i  ccoiive r s i 011 c o  i t i c  i d e  w i t h 
t h e s e  l o r  C.0 f o r n i ; ; . t i i o i . H i . ~ w e v e r .  monimurn CH. p r o d u c t i u n  a p p e a r s  a t  
soinewltat  J i  l f e r e i ~ t  c o n d i t i o n s .  

I ,,we i I i yd  I opy i I) 1 y s i s t e m p e  c a L u L' e ( 000- C ) i inpr o v e s  C - c o r i v e  r s i o n  

(.:a I .  tio t i  -. t i  ycl 
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Table 1 : Total gaseous products during hydropyrolysis at 8OO'C 

Product 

cn' Ig lignite d.a.1. i I 
BOO'C12 0in 1 8 O O W 5  iin 800*C110 nin 

128.0 

COlCO, 

Product 

39. I 139.0 

0.8 

cm' I g  lignite d.a.I.  * 

900'612 pin 9OO'C15 iin 9OO'CllO min 

0.8 

;electivityilJ 

54.3 
26.2 
80.5 

Yield SelectivityilJ 

Table 2 : Total gaseous products during hydropyrolysis at 9OO'C 

Sample 
Code 

Char Conposition Il wlul Elemental conversion iCiH ulb 
TemplTine Ueight loss- 
I°C,minl 1% u l w )  C 

306.0 

COICO, 

Selectivityll) \Yield 

17.9 
85.6 
3.8 

80.0 
41.1 

4.2 1 1 7.1 1 
I 1  1 

Table 3 : Conposition and conversion of hydropyrolysis chars 

90012 

900110 

- 
H 

1.21 
0.93 
1.22 
0.42 
0.51 
0.44 

- 

- 
i 

1931 



PI : Pressure Indicator 
TI : Temperature Indicator 
BM : Bubble Meter 
FH : Fluu Meter 

UTCn : Vel Test Gas Heter 
U 

F1giir.r I : Flow dlagrnm of a rapid quenching easificatlon 
system. 

0 2 A 0 0 10 12 

~irst-stiree reslderice time, m111. 

Flgi lre  2 : Effecl of hydropyrolysis temperature and residence 
Lime un weight l u s s  during CO, gasif ioation. Open polrits: 
hydropyrolysis at OOOOC; cloned p o i n l s :  hydropyrolysis at 
Y00"C. CO. gar;ifiuation: 0 e : 0 0 O 0 C / 5  m l n .  A A :OOO°C/10 min. 
11 : I)OO"C/5 m l i i ,  v 'I : O O O " C / l O  min. 
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Figure 3 : E f f e c t  uf hydropyrolysis temperature and resldence 
L l n i e  oii lu ta l  w e i g h 1  loss. Open points: hydropyrolysis at 
000°C; closod points: hydropyrolysis at YOOOC. C O ,  
g i i ~ ? I T I c i i L l i i n : o  : UOV"C/G min. A A :OOO°C/10 m i n i ,  rn : YOoOC/5 
min,  v v : 900°C/10 i s i n .  

C 

0 
.: 1 . G  
w CO. gaslf lcatiori 

0 OOO"C/G min 
A A 0oO~C/IO mln 

t 0 U - 
9 0 . 0  I 

s- 0 2 4 G 0 10 12 0 

l I l l l 1 1 1 l  

1:irs:t residence time, mln. 

Plgure 4 : EIfecL of hydropyrolysis temperature and residence 
time on t o t a l  CO produclioii. durivig C 0 2  gasiricntion a t  OOO°C. 
Open poI111s: hydropyrolysli at OOO°C: closed points: 
IIYdl'UPYPtJl YSiS a!. >~oo"c.  
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F I  r s L  -r.L:rCo residwiice time, min. 

I; igure 5 : Effecl. of Iiydropyrolysie temperature and residence 
L i m e  oii  L o l a 1  CO produc l . iu i t ,  d u r i n g  CO, gasifiuaLion at 900OC. 
Oprii l i t ~ i i i t  z i :  f,yilropyroly:;is n t  f 1 0 O o C ;  closed poinls: 
IiyiJ~tipyi~~~l yr; is at. L)OO°C. 

.- 
2 4 0 0 10 12 0 

FlrsL-slage residence Lime, min. 

F i g u r e  0 : Effect of hydropyrolysis temperature and residence 
Lime OII elenienlnl C-conversion during CO gasification. Open 
pri1tiLs: tiydropyro I y o  n ~ .  OOOOC; o losed  &inter  t i y ~ i ~ o ~ i y r ' o ~ y s i s  

i n i n . 0  : 90OoC/5 m i n ,  v T : LIOO°C/10 min. 
R I .  000OC. CUI (lUSiflC~l.ltJn: 0 0 : OOO°C/5 mln. A A : t )0O0C/1O 
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